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Abstract

This thesis is focused on the study of carbon molecular sieve membranes (CMSM).
These are inorganic membranes, capable of withstanding high temperatures and
harsh chemical conditions due to their “inert” inorganic carbon matrix. Furthermore,
CMSM combine high selectivities with high permeabilities, when compared to dense
inorganic membranes. CMSM present a narrow pore size distribution with selective
pores (constrictions) in the range of 0.3-0.5 nm, responsible for the molecular sieving
properties of the membranes. These constrictions allow the passage of smaller
permeants in detriment of bulkier permeants, which are retained. The preparation of
such membranes involves several steps, the more important being the selection and
preparation of the precursor and the pyrolysis step. However, there are reports that
CMSM suffer from aging due to oxygen exposure, compromising the reliability of
these membranes to be implemented in an industrial membrane separation unit.
Therefore, in Chapter Il, a comparative study between a CMSM and a CMS adsorbent
suited for air separation was done. The purpose of this analysis was to better
understand the mass transport mechanism in CMS membranes and show how it is
related to the material’s structure and the aging differences between the two
materials. Contrarily to what was expected, no significant aging differences were
observed in either material. The main differences found were related to the
adsorption kinetics; the pressure dependences of the apparent time constants were
obtained for CO,, 0, Ar and N,, and different models were used to predict the
experimental results, emphasizing the very important role of the ultramicroporosity
on the properties of the materials. The CMS membrane exhibited a pore blockage
effect when permeating O, and CO, and a physical explanation is provided. The
vulnerability of these materials to water vapor exposure is compared and related to
the surface chemistry of each material. The existence of hydrophilic groups
responsible for the water vapor adsorption in such carbonaceous materials has been
related to the surface chemistry by means of X-ray microanalysis and by

thermogravimetry. A new model accounting for both adsorption and desorption of



water vapor is presented. The kinetics of water vapor adsorption was determined for
both materials, following the LDF model. The X-ray microanalyses showed that the
membrane presents a lower C/O ratio than the adsorbent, suggesting a higher
susceptibility towards water vapor. This was confirmed by the significant adsorption
of water vapor for very low relative pressures and by the higher rate constants on the

membranes.

In Chapter lll, the preparation of carbon hollow fiber membranes based on a co-
polyimide P84/S-PEEK blend is described. The influence of the pyrolysis parameters
on the properties of the membranes was studied and the resultant carbon
membranes were characterized by permeation experiments and scanning electron
microscopy (SEM). The highest permeabilities and ideal selectivities were obtained for
the membranes submitted to an end temperature of 750 °C, prior to quenching. It
was also concluded that the existence of a final soaking time at the end temperature,
just before quenching, did not improve the performance of the carbon membranes.
The permeabilities in this case were lower than the ones obtained without soaking
time. Furthermore, it was observed that the membranes revealed higher
permeabilities when quenched at the end temperature than the ones naturally cooled
down to room temperature. This chapter also reports on the preparation of CMSM
from a commercial film of cellophane paper employing one single heating step; this
was the first time such precursor was used. The influence of pyrolysis parameters on
the structure, morphology and performance of the membranes, was examined
through SEM, X-ray microanalysis, X-ray diffraction and single component permeation
experiments towards He, H,, Ar, N,, CO,, O,, CH,; and water vapor at 29.5 °C. The
membranes revealed good ideal selectivities, with separation performances above

the recently revised Robeson’s upper bound for polymeric membranes.

Finally, Chapter IV focuses on the simulation of nitrogen production from water-vapor
saturated air using a membrane module set with CMSMs at 29.5 °C. A model
considering a pressure-dependent permeability was proposed and simulations were

performed in counter-current mode, assessing the effect of the feed to permeate



pressure ratio and the increase in the feed pressure. The existence of pressure drop
along the membranes was also accounted and studied. It was concluded to be
possible of producing a stream of 99.9 % nitrogen from a four-component air mixture
(N, —78.7 %, O, — 22.9 %, CO, - 0.0003 %, water vapor - 100 % RH) with recoveries up
to 65 %.






Sumario

A presente tese foca o estudo de membranas de peneiro molecular de carbono
(CMSM). Estas membranas sdo constituidas por uma matriz inorganica de carbono
com propriedades inertes, resistindo, assim, a altas temperaturas e a ambientes
qguimicos agressivos. Para além disso, as CMSM apresentam, normalmente, elevadas
permeabilidades, aliadas a selectividades também elevadas, quando comparadas com
membranas poliméricas densas. As CMSM possuem uma distribuicdio de poros
apertada, com poros selectivos (constricdes), compreendidos entre os 0,3 e os
0,5 nm, responsdveis pelas propriedades de peneiro molecular das membranas. Estas
constricdes permitem a passagem de espécies mais pequenas, retendo, no entanto,
as espécies de maior tamanho. A preparacdo destas membranas envolve diferentes
etapas sendo as mais importantes a selec¢do do precursor e a etapa de pirdlise.
Contudo, ha alguns estudos que apontam para o seu envelhecimento devido a sua
exposicdo ao oxigénio, comprometendo assim, a fiabilidade destas membranas para
aplicacdo industrial. Nesse sentido, efectuou-se um estudo comparativo, apresentado
no Capitulo I, entre uma CMSM e um adsorvente comercial de peneiro molecular de
carbono (CMS) desenvolvido para a separagdo do ar. Esta analise teve como objectivo
compreender melhor o mecanismo de transporte de massa nas membranas de CMS,
relacionando-o com a estrutura do material, e as diferencas de envelhecimento entre
os dois materiais. Contrariamente ao esperado, os materiais ndo revelaram diferencas
significativas relativamente ao seu envelhecimento. De facto, as principais diferencas
obtidas dizem respeito a cinética de adsorcdo; as dependéncias das constantes de
tempo aparentes com a pressao, foram obtidas para o CO,, O,, Ar e N,, ajustando
diferentes modelos da literatura aos dados experimentais, e enfatizando, deste modo,
o papel importante da ultramicroporosidade nas propriedades dos materiais. A
membrana de CMS apresentou um efeito de bloqueio a difusdo das espécies O, e CO,,
propondo-se uma justificacdo para este facto. A vulnerabilidade destes materiais a
exposicdo ao vapor de dgua foi comparada e relacionada com a superficie quimica de

cada um. A existéncia de grupos hidrofilicos a superficie, responsaveis pela adsor¢do



de vapor de 4gua neste tipo de materiais, foi relacionada com a quimica de superficie
através de microanadlise por raios-X e termogravimetria. Desenvolveu-se, ainda, um
modelo capaz de prever os dois ramos de adsorcdo e dessorcao do vapor de agua. A
cinética de adsorcdao do vapor de agua foi também determinada em ambos os
materiais, apresentando um comportamento de forga directriz linear (LDF). Através
da microanélise por raio-X concluiu-se que a razdo C/O foi inferior no caso das
membranas, sugerindo uma maior susceptibilidade ao vapor de agua. Isto foi
verificado pela adsorcdo significativa desta espécie a baixas pressdes e pelos valores

mais elevados das constantes cinéticas obtidas para as membranas.

O capitulo Il descreve a preparagao de membranas de peneiro molecular de fibra oca
partindo de uma mistura de co-poliimida P84/S-PEEK. Estudou-se a influéncia dos
parametros da pirdlise nas propriedades das membranas de carbono, e
caracterizaram-se as membranas através de experiéncias de permeacdo e por
microscopia electrénica de varrimento (SEM). As permeabilidades e selectividades
ideais mais elevadas foram obtidas para as membranas submetidas a uma
temperatura final de pirdlise de 750 °C seguidas de arrefecimento brusco. Concluiu-se
ainda que a existéncia de um patamar a temperatura final, precedendo um
arrefecimento brusco, ndo contribuiu para a melhoria do desempenho das
membranas. Neste caso, as permeabilidades foram inferiores as obtidas para as
membranas pirolisadas sem patamar. Verificou-se ainda, que o arrefecimento brusco
teve um efeito positivo nas permeabilidades das membranas, em detrimento de um
arrefecimento natural lento até a temperatura ambiente. Ainda neste capitulo,
reporta-se o uso do papel celofane comercial como filme precursor para a preparagao
de CMSM empregando um sé passo de pirdlise. Esta foi a primeira vez que este
precursor foi usado. A influéncia dos parametros da pirdlise na estrutura, morfologia
e desempenho das membranas de carbono foi avaliada através de SEM, microanalise
por raio-X, difraccdo por raio-X e permeagcdo monocomponente das espécies He, H,,
Ar, N,, CO,, O,, CH; e vapor de dgua a 29,5 °C. Estas membranas revelaram boas
selectividades ideais, com desempenhos de separacdo posicionados acima do limite

superior de Robeson para membranas poliméricas.
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Finalmente, o capitulo IV apresenta a simulacdo de um médulo de membranas de
carbono de fibra oca tendo em vista a producdo de azoto a partir de uma corrente de
ar saturado em vapor de agua a 29,5 °C. Prop0s-se um modelo que considera a
dependéncia da permeabilidade da membrana com a pressdao e realizaram-se
simula¢cGes em contra-corrente, analisando o efeito da razao entre as pressdes da
alimentacdo e permeado, e ainda, do aumento da pressao de alimentacdo. Estudou-
se, também, o efeito da queda de pressdo ao longo das membranas. Concluiu-se que
é possivel produzir azoto com uma pureza de 99,9 % a partir de uma corrente de ar
(N,-78,7 %, 0,-20,9 %, CO,- 0,0003 %, vapor de dgua - 100 % RH) com recuperagdes
até 65 %.
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Sommaire

Cette thése a pour objet I'étude de membranes de tamis moléculaire de carbone
(CMSM). Ces membranes sont constituées par une matrice inorganique de carbone
avec des propriétés inertes, résistant, de cette facon, a de hautes températures et a
des ambiances chimiques agressives. En outres, les CMSM présentent, normalement
des perméabilités élevées, alliées a des sélectivités aussi élevées, quand comparées
avec des membranes polymériques (polymeéres) denses. Les CMSM possédent une
distribution de pores serrée avec des pores sélectifs (constrictions) contenus entre les
0,3 et les 0,5 nm, responsables par les propriétés de tamis moléculaire des
membranes. Ces constrictions permettent le passage d’especes plus petites, en
retenant, pourtant, les espéces de taille plus grande. La préparation de celles-ci
engage plusieurs étapes, en étant les plus importantes la sélection du précurseur et
I’étape de pyrolyse. Cependant, il y a quelques études qui mentionnent un
vieillissement de ces membranes di a leur exposition a I'oxygéne, en compromettant
dong, la fiabilité de ces membranes pour I'application industrielle. Dans ce sens, on a
effectué une étude comparative, présenté au Chapitre I, entre une CMSM et un
adsorbant commercial de tamis moléculaire de carbone (CMS) développé pour la
séparation de l’air. Cette analyse a eu comme objectif comprendre mieux le
mécanisme de transport de masse dans les membranes de CMS, en montrant
comment il se rapporte avec la structure du matériel, et encore les différences de
vieillissement entre les deux matériaux. Contrairement a ce qu’on attendait, les
matériaux n’ont pas révélé de différences significatives par rapport a leur
vieillissement. Les principales différences obtenues se lient a la cinétique
d’adsorption; les dépendances des constantes de temps apparentes avec la pression,
ont été obtenues pour le CO,, O,, Ar et N,, en ajustant les différents modéles de la
littérature aux donnés expérimentaux, et en emphatisant, de cette facon, le réle
important de I'ultramicroporosité dans les propriétés des matériaux.

La membrane de CMS a présenté un effet de blocus a la diffusion des espéces O, et

CO,, et on propose une justification pour ce fait. La vulnérabilité de ces matériaux a

IX



I'exposition a la vapeur d’eau a été comparée et mise en rapport avec la surface
chimique de chacun d’eux. L’existence de groupes hydrophiles a la surface
responsables par I'adsorption de vapeur d’eau dans ce type de matériaux, a été mise
en rapport avec la chimie de surface a travers la microanalyse a rayon X et
thermogravimétrie. On a développé encore un modele capable de prévoir les deux
branches d’adsorption et de désorption de la vapeur d’eau. La cinétique d’adsorption
de la vapeur d’eau a aussi été déterminée dans les deux cas, en présentant un
comportement de force motrice linéaire (LDF). A travers la microanalyse & rayon-X
ont a conclu que le rapport C/O a été inférieur dans le cas des membranes, en
suggérant une plus grande susceptibilité a la vapeur d’eau. Cela a été vérifié par
I'adsorption significative de vapeur d’eau a pressions basses et par les valeurs plus

élevés des constantes cinétiques obtenues pour les membranes.

Le chapitre Il décrit la préparation de membranes de tamis moléculaire de fibre
creuse a partir d’un alliage de co-poliimide P84/S-PEEK. On a étudié I'influence des
parameétres de la pyrolyse dans les propriétés des membranes de carbone, et on a
caractérisé les membranes a travers quelques expériences de perméation et par
microscopie électronique a balayage (SEM). Les perméabilités et sélectivités idéales
les plus élevées ont été obtenues pour les membranes soumises a une température
finale de pyrolyse de 750 °C suivies d’un refroidissement brusque. On a conclu encore
que I'existence d’'un palier a la température finale, procédant d’un refroidissement
brusque, n’a pas contribué a I'amélioration du dégagement des membranes. Dans ce
cas, les perméabilités ont été inférieur que celles obtenues pour les membranes
pyrolysées sans palier (a la température finale). On a vérifié, encore, que le
refroidissement brusque a eu un effet positif dans les perméabilités des membranes,
au détriment d’un refroidissement naturel et lent jusqu’a la température ambiant.
Dans ce chapitre encore, on se rapporte a lutilisation du papier célophane
commercial comme film précurseur pour la préparation de CMSM employant
uniguement un pas de pyrolyse. (C’'est la premiére fois qu’on a utilisé ce précurseur.)
L'influence des parametres de la pyrolyse dans la structure, morphologie et

dégagement des membranes de carbone a été évaluée en travers SEM, microanalyse



rayon-X, diffraction a rayon-X et perméation monocomposante des espéeces He, H,,
Ar, N,, CO,, 0,,CH, et vapeur d’eau a 29,5 °C. Ces membranes ont révélé de bonnes
sélectivités idéales, avec des dégagements de séparation positionnés au-dessus de la

limite supérieure de Robeson pour des membranes polymériques.

Finalement, le chapitre IV présente la simulation de membranes de carbone de fibre
creuse ayant pour objet la production d’azote a partir d’une courante d’air saturé en
vapeur d’eau a 29,5 °C. On a proposé un modele qui considere la dépendance de la
perméabilité de la membrane avec la pression et on a réalisé des simulations en
contre-courant, en analysant |'effet du rapport entre les pressions de |'alimentation et
du perméat, et, encore, I'augmentation de la pression de I'alimentation. On a, aussi,
étudié 'effet de la chute de pression au long des membranes. On est arrivé a la
conclusion qu’il est possible de produire de I'azote a 99,9 % de pureté a partir d’un
courant d’air (N,-78,7 %, 0,-20,9 %, CO,- 0,0003 %, vapeur d’eau -100 % HR) avec des

récupérations jusqu’a 65 %.
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Chapter 1 - Introduction

1.1. Gas separation

1.1.1. Distillation, PSA and Membranes

The key for a sustainable industrial development is to seek new strategies and
technologies for improving efficiency and minimizing environmental impact.
Nowadays, the industry of gas separation requires the replacement of energy-
demanding processes by simpler, low cost and cleaner technologies.

The separation or purification of gases was for a long time performed by distillation
and cryogenic distillation processes; these allow for high recoveries and purities, and
the possibility to operate at high pressures. Distillation, however, is known for its high
energy consumption and cryogenic distillation is also known for being expensive [1-3].
Another technology for gas separation is absorption, a simple process, but with poor
separations characteristics, reflected in low purities and recoveries [3].

Adsorption based processes are also an alternative technology. Pressure swing
adsorption (PSA), preferentially operating at low pressures, leads to very high purity
products, using a relatively simple process. However, both absorption and adsorption
processes, require a regeneration step, i.e. the additional use of a solvent
regeneration unit and a second adsorbent bed for the desorption step, respectively.

In the last 25 years, membrane processes have emerged as a new solution for
separating gas mixtures. Since then, remarkable progress has been made in the
development of new membranes [4, 5]. These processes are very promising for their
versatility and simplicity; membrane processes are light weight, compact, and
modular design, permitting an effortless expansion of the plants, easy maintenance
and possibility to operate at partial capacity [5]. Globally, it is a low cost and energy

saving technology.
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These technologies compete with each other to better suit a certain application,

where the final verdict is simply economics.

1.1.2. History of Membrane technology

The kick-off for the implementation of membrane technology in gas separation was
done by polymeric membranes. Monsanto was the first company commercializing
polymeric membranes for large scale gas separation, in 1980, and is today a division
of Permea Inc. owned by Air products and Chemicals, Inc; their PRISM® membranes
were developed for hydrogen separation [5, 6] and later used in other applications
like nitrogen production, dehydration air drying, etc. Following, several other
companies Grace, Separex, Cyanara [5, 7] and others, launched dry cellulose acetate
membranes to the market of membrane technology for CO, removal from natural gas.
Almost by the same time, 1983, Ube Industries, Ltd developed polyimide hollow fibers
to separate H, from hydrocarbons, and two years later such membrane units were
planted. The separation of nitrogen or oxygen from air using membranes was also
rising in interest and Asahi Glass Company started the production of membrane
systems to concentrate oxygen up to 40 %. A trade mark Spiragas® from Signal
Company came out for ultrathin silicone film supported on a porous polysulfone
shaped in a spiral wound membrane module. Dow Chemical also launched polyolefin
made membranes by the trademark of GENERON® for producing a stream of 95 %
nitrogen from air [4, 6]. Gas separation with membranes is becoming stronger with
the development of new “spinnable” hollow fiber membranes [8]. Today the market
of nitrogen production from air by membranes is the largest. Ube Industries become
producing and commercializing polyimide membranes for air dehumidification and
nitrogen production from air (www.ube-ind.co.jp). In the end of 2008, Air Products
announced to increase in 50 %, their annual capacity of 40 000 PRISM hollow fiber
membrane modules. Based on DuPont's polymeric fiber spinning technology, Air
Liquide has recently launched hollow fiber membranes, (MEDAL™) for air
separation/nitrogen  generation, carbon dioxide removal and hydrogen

purification [8].
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1.1.3. Organic vs Inorganic Membranes

Porous polymeric membranes have high fluxes but low selectivities, while dense
glassy polymeric membranes are extremely low permeable but with increased
selectivities. However, polymers in general cannot withstand harsh conditions since
they present chemical and thermal instability [8, 9]. Polymeric membranes can be
irreversibly swollen or plasticized due to their exposition to CO, or hydrocarbons,
even in small concentrations, compromising their performance and disabling the
functionality of the membrane module. Therefore, modules assembled with organic
membranes should often require a pre-treatment step to remove undesirable
components [8]. Despite the large number of polymers studied and used at laboratory
scale, only a few polymers are industrially implemented; the most important and used
ones are cellulose acetate, polysulfone and polyimides [4]. To overcome the handicap
of polymeric membranes, considerable attention started to be paid in recent years to
the development of inorganic membranes as promising materials for gas separation
[10]. These present a greater chemical and thermal stability than organic membranes
and combine high permeances and selectivities, when compared to dense polymeric
membranes. Still, these membranes also present some drawbacks which are their
higher cost, modest reproducibility, and sealing difficulties when operated at high
temperatures (>600 °C) [8]. The industrial implementation of inorganic membranes is
still very low; palladium dense membranes are one example for small-scale
production of high purity hydrogen, by Johnson Matthey [4].

The available commercial porous membranes are ceramic ones, such as alumina,
silica, titanium, porous glass and sintered metals. These membranes present very high
permeabilities but very limited selectivities. Despite the very promising results
obtained in lab-scale, microporous inorganic membranes, such as zeolite and carbon
membranes, encounter their main obstacle in scale-up; they have reduced
mechanical stability and are difficult to produce defect-free with reproducible
performances. Furthermore, their large-scale production is very expensive when

comparing to the manufacturing costs of polymeric membranes [11]. Nevertheless,
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efforts to overcome these hindrances are being made as it is reflected by the research

activity in this area (see Figure 1.1).
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Figure 1.1 — Publications containing the keyword “membranes” (red triangles), “inorganic
membranes” (blue diamonds) and “carbon membranes” (green circles) limited to the area of
Chemical Engineering from 1998 until 2008 (data obtained from SCOPUS database) .

In the last decade, the number of publications on membranes has increased from
4467 to 10641. Among these, inorganic membranes present a rising rate of
publication; they account for 10 % in 1998 and 17 % in 2008 over generic membranes.
Within these statistics, the particular research on carbon membranes presents a
volume of publications that increased from 24 up to 86 per year, in the same period
of time, representing around 5% of the remaining inorganic membranes (data
obtained from scopus database: www.scopus.com). Despite the small amount of
publications on carbon membranes, these are very promising materials, with several
advantages over zeolitic and other inorganic membranes.

The subgroup of molecular sieving membranes (silica, zeolites and carbon) differs
from the other microporous inorganic for presenting good permeability vs. selectivity
relationships. In particular, carbon molecular sieve membranes, exhibit excellent
resistance to heat and corrosion environments allied to great shape selectivities to
planar molecules [10]. This is the category of membranes to be studied in the scope of

this thesis.
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1.2. Membrane Technology

1.2.1. Structure of inorganic membranes

Inorganic membranes can be classified, according to their structure, in dense (non-
porous) or porous, and the last category can be divided in symmetric or asymmetric.
Dense membranes comprise metallic membranes, metal alloys and solid electrolytes
where the gas species permeates through their crystal lattices [12]. Porous
membranes, in contrast, allow gas species to permeate through their free spaces,
between lattices, the pores; these include oxides, sintered metal, carbon, glass, or

zeolite membranes.

1.2.2. Porous membranes and their mass transport

The major difference between porous and non-porous membranes is mainly reflected
on the comparable lower fluxes of non-porous membranes. However, within the
porous categories there are different ranges of pore sizes that influence the regimes
of mass transport, together with other aspects as the physical properties of the
species and the pressure. For membranes with large pores, fluxes are expectedly high
but selectivities are small. As pore sizes decrease, selectivity is enhanced while fluxes
become smaller. When microporous membranes are composed by a selective layer
over a porous support, the mass transport through the membrane is the overall
contribution of both selective and support layers. The most usual transport
mechanisms through porous membranes for gas separations (see Figure 1.2) are the

following described ones:
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Figure 1.2 — Scheme of Transport mechanisms in pores.
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Viscous flow (>50 nm) —Viscous flow characterizes the mass transfer through pores
where intermolecular collisions are predominant. The interactions between species
lead to collisions with the pore walls resulting in an overall pressure drop along the
membrane. With practically no selectivity the permeation occurs due to the
establishment of a pressure gradient between the two sides of the membrane.

Usually, this type of flow occurs in the supports or enough large defects.

Molecular diffusion — Also called simply diffusion, happens when species move from a
more concentrated side to a less concentrated one. Usually happens in large pores or

defects.

Knudsen diffusion (2-500 nm) — This regime happens under low pressure conditions
and when the pore size is smaller than the mean-free path; as a result, species start to
collide more with the pore walls than with each other. The selectivity is not high and
is determined by the square root of the reciprocal ratio between the molecular

weights of the species

Surface diffusion (0.5-2 nm) — Surface diffusion takes place when species are
adsorbed on the pore walls of the membrane; once in the adsorbed state, the
adsorbates move through the pore network by jumping from site to site. The different
rates of diffusion are based on the different rates of adsorption; the highly adsorbable
species will preferentially cross the membrane rather than species with lower affinity

to the surface walls.

Molecular sieving (0.3-0.5 nm) — As the name suggests, when pores have sizes very
close to those of molecules or atoms diameters, the membrane acts as a molecular
sieve; smaller species are allowed to pass through very narrow pores, whereas larger
species are retained. This regime is characterized by its high selectivity and low or
moderate flux. Zeolite membranes as well as carbon molecular sieve membranes

exhibit this type of mass transport regime.
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In molecular sieve membranes, species are confined to the space between two
carbon walls and subjected to a potential energy field as illustrated in Figure 1.3. If
the pores are wide enough, the potential minima occurs independently for each wall.
As the pore gets narrower, the two contributions from opposite walls start becoming
significant, resulting in one minimum. This happens until the potential becomes
positive and the pore becomes impermeable to the species. However, there is still an
intermediate pore size where the species cannot be adsorbed, but with enough

energy they can pass constrictions by an activated process.

o
—
o
—_

Figure 1.3 — Schematic representation of the species/wall interactions within a micropore or
constriction. a) Potential energy E of a species within pores of different dimensions; b) sketch
of the species in respective pores (adapted from [13]).

The previous mentioned regimes are a result of the existent pore sizes of the
membrane, of the operating conditions, and of the size and shape of the permeating
species. Usually, the selective layer of microporous membranes is characterized by a
surface diffusion and molecular sieving. On the other hand, supports normally have

larger pores, where viscous flow or Knudsen diffusion takes place.
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1.3. Carbon molecular sieve membranes

1.3.1. Introduction

Carbon molecular sieve membranes (CMSM) result from a heat treatment under
controlled atmosphere, or under vacuum, of a polymeric precursor. During the heat
treatments, which can be diverse as will be explained next, the polymeric chains
decompose originating an amorphous carbon skeleton, with interconnected pores.
This pore network is responsible for the mechanism of separation, characteristic of
these membranes. Interactions with the carbon walls are important, since adsorption
phenomena do occur, but the carbon matrix itself is assumed to be impervious, in
opposition to what happens with polymeric membranes [14]. Usually, CMSM present
a narrow pore size distribution with pores within the range of 0.3-0.5 nm. These are
the so called selective pores, which are responsible for the sieving properties of
carbon membranes. However, there might be larger pores, from 0.5-0.8 nm,
responsible for the surface diffusion. The pore network may, therefore, be a sequence
of narrow and large pores [15]. The distinctive feature of CMSM is that, by employing
different pyrolysis conditions, they can be tailored in order to yield different gas
permeation properties [16]. The pore network can also be adjusted or tuned by
combining several pre- or post-treatments leading to the desired pore size
distribution. However, the control over all variables involved in the development of
the membranes and their microstructure is very difficult to get; there are too many
factors involved in the preparation of the final carbon membrane and these also differ

from precursor to precursor.

1.3.2. Configurations

Carbon membranes are produced in a supported or unsupported (self-supported)
form. The supports are usually used to provide extra mechanical strength to the
selective membrane (reducing its fragility), introducing a negligible mass transfer
resistance [12]. The unsupported membranes can be flat, hollow or capillary fibers,

while supported membranes present a flat or tubular form, depending on the shape

10
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of the support. The decision for making supported /unsupported, flat or tubular
carbon membranes would be determined by the application in view. For fundamental
studies at lab-scale, flat sheets are preferred. The use of supports is often required,
though, to overcome the fragility or brittleness so characteristic of carbon
membranes. At an industrial scale, costs are always a very important factor and,
hence, the future should involve the production of hollow fiber like modules; these
have a greater surface to volume ratio when compared to modules assembled with
flat sheet membranes [5]. Moreover, the only sold CMSM modules were set with

hollow fibers.

CARBON
MEMBRANES

{ Unsupperted ( Supported

* Flat
« Hollow fiber  Flat
i * Tube
» Capillary

Figure 1.4 — Configurations for carbon membranes.

1.3.3. Preparation

Recently, Saufi and Ismail [10] have published a review on the fabrication of carbon
membranes for gas separation. The preparation of carbon membranes for gas
separation involves the optimization of six different steps by the following sequential

order provided in Figure 1.5:

1.Precursor 2.Precursor
Selection Preparation

3.Pre 5.Post
Treatment

4Pyrolysis - §=— Treatment

6.Module

Construction

Figure 1.5 — Process for preparing carbon membranes.
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Among these steps, the one that influences the most the final success of the
membrane is the pyrolysis step. During this stage the polymeric matrix is
decomposed, giving place to the carbon structure and the pore network, dictating this

way, the ability of the carbon membrane to separate gases.

1.3.3.1. Precursors

The selection of the polymeric precursor to be used as the carbon source for the
resultant carbon membrane is one of the most important steps. Different membrane
precursors, submitted to the same heat treatment lead to carbon membranes with
different properties. Several carbon-containing precursors have been tested to form
carbon membranes, such as resin, pitch, coal [17], graphite, plants and polymers. The
polymeric materials are usually preferred falling the following main requirements: the
membrane precursor should have a high yield of fixed carbon and should be
thermosetting. The polymeric precursor should not melt or soften during pyrolysis,
but rather decompose without causing defects in the carbon structure, such as, cracks
or pinhole pore-holes, that could compromise the selectivity of the carbon membrane
[18].

A summary of these materials is shown in Table 1.1. However, some authors have also
tried to prepare blends of thermally stable polymers with thermally labile ones [19-
22]. In order to further improve the membrane properties, the precursor was often
loaded with metals such as silver [23, 24], copper [25], platinum [26, 27] , etc, and
other alkali metals [28, 29], for enhancing the affinity of the final carbon membrane

towards certain permeants.
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Table 1.1 — Polymeric precursors for carbon membranes.

Precursor Reference
Polyacrilonitrile (PAN) [30-32]
Cellulose [25, 33-37]
Polyimides and derivatives [38-68]
Phenolic resin [69-85]
Polyfurfuryl alcohol (PFA) [86-93]
Polyetherimide (PEI) [94-100]
Poly(vinylidene chloride) [101-103]

Polyphenylene oxide (PPO)

Condensed polynuclear

[21, 28, 104-109]

. . [110]
aromatic (COPNA) resins
Lignin [111-114]
Heteropolyacid [115]
Poly(phthalazinone ether (116, 117]

sulfone ketone)(PPESK)

From Table 1.1 it is possible to see that polyimides are the most used precursor for
carbon membranes. These are high carbon-containing polymers withstanding
elevated temperatures, such as 300 °C, without losing their shape. They are very
stable, with a high glass transition temperature, decomposing before achieving their
melting point, assuring this way a resultant defect-free carbon structure. The most
commercially used (co-)polyimides referred in literature are: Kapton, Matrimid, P84,
etc. However, the big disadvantage of using polyimides is their high cost, what can
eventually compromise the economical viability of the resultant carbon membranes.
Phenolic resins are also acceptable precursors employed by several authors to
prepare carbon molecular sieve membranes. These polymers present the advantage
of being inexpensive, contrarily to polyimides, due to their large applicability in
several sectors, such as, commodity construction, high technology materials, etc.
Polyfurfuryl alcohol (PFA) has been initially prepared as a thin film on a rigid support
revealing some problems related with mechanical and elastic properties. Therefore,

other techniques were developed to succeed in the preparation of CMSM based on
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PFA. A spray coating technique has been reported [86], but it was an ultrasonic
deposition technique developed by Shiflett and Foley [87, 89] that led to the best
results.

Another thermally stable polymer is polyacrilonitrile (PAN), largely used in the
production of high performance carbon fibers. PAN has a high melting point,
decomposing below this temperature, yielding greater carbon contents. Due to its
ordered molecular orientation, the unsupported derived carbon membranes are
mechanically stronger.

Cellulose is a natural and renewable polymer, abundant in the planet. The
applications of cellulosic materials are vast and widespread. Cellulose presents a
sufficient yield of carbon resulting in a good alternative for preparing carbon
molecular sieve membranes with enough mechanical stability. In addition, cellulosic
precursors have a low cost enhancing the economical viability of carbon molecular
sieve membranes. More information concerning other precursors can be found
elsewhere, as indicated in Table 1.1.

Independently on the polymer selected to originate carbon membranes, the
preparation of this precursor will determine part of the success of the process. Thus,
the conditions should be optimized to assure a good quality precursor. An
imperfection on the polymeric film, fiber or supported layer, will definitely
compromise the quality of the resultant carbon membranes. Small defects in the
polymeric precursor can be amplified in the final carbon membrane, resulting in small
cracks or pinholes destroying their molecular sieving properties. Heterogeneity in the
selective layer thickness is another undesirable factor that should be avoided and
prevented during the polymer deposition on supports, casting of unsupported flat
sheets, or spinning fibers. It should also be kept in mind that during carbonization the

polymeric material shrinks, which can also cause defects or cracks.
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1.3.3.2. Pre-treatment

Before submitting the polymeric membrane precursor to the pyrolysis step there are
some treatments that might be employed in order to provide additional dimensional
stability to the polymeric matrix. This is used to guarantee that the polymeric
structure is preserved. The pre-treatments are split into physical and chemical. As
expected, the use of a given precursor demands a proper pre-treatment. Stretching
(physical) is commonly employed to spun hollow fibers in order to attenuate non
uniformities in diameter formed during extrusion, conferring a greater dimensional
stability to these fibers. Oxidation is a treatment under an oxidative agent, i.e. oxygen
or air, with the objective of avoiding an undesirable release of volatiles during
pyrolysis, ensuring a final carbon membrane with maximized carbon content and
minimized pinholes. There are also chemical treatments obtained through immersion
of the precursor into aqueous solutions, or obtained with catalysts [10]. An example
of a pre-treatment very important to successful preparation of carbon membranes is
the removal of residual solvents or humidity from the polymer to prevent its
undesirable decomposition at lower temperatures. This care, however, can be
included in the pyrolysis step, by employing a heat treatment with dwells or
extremely lower heating rates; this will allow undesirable matter to be released at

lower temperatures preventing the polymeric matrix from being damaged.

1.3.3.3. Pyrolysis /carbonization

The core of the whole process is the stage where the polymeric matrix is turned into
carbon through a pyrolysis step. During this step the precursor is submitted to a
specific heating protocol under a controlled inert or vacuum atmosphere. The product
of this pyrolysis will be an amorphous carbon membrane with a pore network
characteristic for the specific used polymer. At this stage the decomposition of the
polymeric matrix takes place in a controlled way, where a significant loss of weight
occurs; it is associated to the release of diverse volatile matter. These byproducts are
typically H,, H,0, CO, CO,, and residual HCN, CH;, and NH; depending on the

precursor’s nature [44]. As volatiles are set free, the resulting carbon matrix cross-
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links, forming disordered non homogeneous graphene layers, typical of non
graphitizable carbons. The interconnected spaces among chaotic graphene layers are
the pores of the membrane; narrower ultramicropores, called constrictions are
responsible for the molecular sieving properties of these membranes (selectivity),
while larger interconnected pores allow for larger productivities (permeability). The
size and shape of the pores, and their interconnectivity depend on the structure and
morphology of the polymeric precursor and on the pyrolysis procedure employed.
The pyrolysis parameters such as, heating rate, soaking or dwell times, end
temperature, or gas atmosphere, are all important variables that can be adjusted in
order to achieve a certain pore network. The influence of these parameters on the
performance of carbon membranes is of great importance. The ideal carbon
molecular sieve membrane should have a high micropore volume, with a narrow pore
size distribution allowing high permeances and selectivities. The pore network should
have a very low tortuosity, and an effective porosity, in a sequence of larger pores
interconnected with narrower selective pores. The membrane should be as thin as
possible but with enough mechanical strength. Moreover, the carbon surface should

be chemically stable.

1.3.3.4. Post-treatment

After pyrolysis the carbon membrane is already created and the pore network is
formed. However, sometimes there is the need to repair some eventual defects and a
post-treatment can often solve the problem. Coating the membranes with another
polymers followed by recarbonization is often used to correct the defects. On the
other hand, the desire to better suit for a certain application demands a more precise
pore tuning, narrowing the pore size distribution or simply reducing or enlarging the
pore widths, as intended. Post-oxidation, to reopen or enlarge pores, chemical vapor
deposition (CVD), by means of carbon deposition in order to close or reduce pore
widths are post-pyrolysis treatments. Carbon membranes are normally hydrophobic
but present some oxygenated functional groups, or unstable carbon atoms at the

pore walls prone to chemisorb oxygen in the form of functional groups. To avoid this
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phenomena, passivation treatments with hydrogen at around 600 °C have been
reported [118]. It is stated that this passivation procedure under reducing
atmosphere removes some of the functional groups, or chemisorbed oxygen,

stabilizing the surface of the membrane and weakening its hydrophilic character.

1.3.3.5. Module construction

The geometry of the membranes and the mode they should be packed together in a
suitable device — membrane module — are very important aspects for the industrial
implementation of a membrane separation system. The cost of the module, the type
of application and the functionality of the module, all have influence on the modules’
final configuration.

In the particular case of carbon membranes, their brittleness will a priori limit the
possible configurations. The continuity of CMSM as alternative membrane technology
should involve the assembly of hollow fiber like modules, rather than spiral-wound
geometry, flat or honeycomb like modules. In fact, this is the only way to assemble a
carbon membrane module capable of being commercialized. The hollow fiber
membrane modules present very good surface to volume ratios, (>1000 m?>m?)
superior to any other configuration. Investment and operating costs, as well as the
maintenance costs are also important considerations to take into account. The main
advantages of using an inorganic membrane, such a CMSM, are its ability to withstand
harsh thermal and chemical conditions. However, to assemble the carbon membranes
into a membrane module there is the need to find an appropriate sealant. The
reliability of the sealing materials and procedures, especially for high temperature

applications, may be a problem.

1.3.4. State of the art on CMSM

The first concept of compacted carbon molecular sieve membranes has been
introduced by Barrer and Strachan in 1955, when these authors compressed a high
specific surface carbon powder yielding a microporous plug. They have seen the

importance of surface flow for the most polarisable gases and recognized the
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importance of such membranes for gas separation applications [119]. A few years
later, Bird et al. [120] tried to prepare supported and unsupported carbon molecular
sieve membranes by using polyfurfuryl alcohol as the carbon source. The authors
failed their attempt since they could not prepare a defect-free membrane with
controllable pore size.

However, it was by the hands of Koresh and Soffer in the 80’s [13, 15, 121, 122], that
carbon molecular sieve membranes for gas separation were successfully crack-free
developed. For a decade, several patents were filed by these authors [123-125] and
by the end of the 1990’s the Israeli company Carbon Membranes Inc. began
commercializing CMSM. These authors have used cellulose and phenolic resin
precursors to prepare membranes with good permeabilities and selectivities [126].
These membranes present a very narrow pore size distribution, with pore sizes within
the range of 0.3-0.5 nm, making possible the separation of molecules with similar
diameters, such as nitrogen and oxygen. However, the company closed in 2001. Back
to 1993, Rao and Sircar [127, 128] from the company Air Products have prepared
nanoporous carbon membranes from the carbonization of poly(vinylidene chloride)
supported on macroporous alumina to provide mechanical stability. The pore sizes of
the selective carbon layer were between the diameter of the more adsorbable species
and about four times the diameter of the largest species; strongly adsorbable species,
as hydrocarbons, could be effectively separated from hydrogen due to selective
adsorption and surface diffusion; selectivities of C4H;, and CsHg over H, of
respectively, 94.4 and 21.3, were obtained. Air Products Inc. has kept this research on
selective surface flow (SSF) carbon membranes for more than one decade trying to
industrially implement them [101, 102, 127, 128]. Unfortunately, they did not
succeed. These were the only two attempts, up to now, to implement carbon
membranes in the industry of gas separation. However, several academic researches
have carried on trying to improve and develop successful carbon membranes and
solving problems associated to this kind of material. In 1994, Jones and Koros [40,
129] used a polyimide hollow fiber as a precursor for CMSM to air separation. The
result was a membrane with a selectivity of oxygen over nitrogen of 14. Besides that,
the carbon membranes also revealed good performances to other important
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separations such as CO,/N,, CO,/CH,4 and H,/CH,. However, these same authors [130,
131] verified that these carbonaceous materials suffer from a kind of deactivation due
to adsorption of water vapor present in humidified streams leading to a decrease of
performance. The same problem was also later reported by Menendez et al. [132] in
2001 and by Lagorsse et al. [133] in 2008 for respectively, phenolic resin and cellulose
derived carbon membranes. They verified that the existence of oxygen based
functional groups on the surface of the membrane could enhance the adsorption of
water vapor blocking the pore network, reducing the performance of the membrane.
In 1998, Fuertes et al. [134] prepared asymmetric carbon membranes from polyamic
acid. These authors [99] also coated a macroporous support with a thin layer of a
commercial polyimide (polyetherimide) and carbonized; the derived carbon
membranes exhibited high ideal selectivity for permanent gas pairs (0,/N,, N,/He and
CO,/CH,). After these reported studies, several works were performed concerning the
preparation and characterization of carbon membranes for gas separation, as
reviewed in literature [10, 14, 135]. In 2003, Barsema et al. [23, 24, 136] incorporated
silver in the polyimide precursor’s matrix in order to achieve even higher selectivities
for separations involving O,. Still by that time, Sanderson and Saduki [26] prepared
polyacrilonitrile derived carbon hollow fibers coated with platinum to be used in a
catalytic membrane reactor for the separation of hydrogen from hydrocarbons with
equilibrium-limited reactions. Some other studies report the use of palladium
nanoparticles to improve H,/N, selectivies of carbon molecular sieve membranes
[137]. In 2006 Hagg et al. [33] selected cellulose treated with trifluoroacetic acid as a
promising precursor for carbon molecular sieve membranes. These authors [25] have
also loaded the precursor with metals to improve the characteristics of the resultant
carbon membranes. They aimed at the development of cheap carbon membranes for
CO, recovery from various gas mixtures [33] and for hydrogen recovery [34]. Dong et
al. [93] prepared H,-selective carbon membrane by polymerizing furfuryl alcohol on
« -alumina supports and carbonizing up to 200-1000 °C. The carbon membrane
showed high separation factors at 150 °C for binary gas mixtures: «a (H,/CO,) >22 900,
o (Hy/N,)>2 480 and « (H,/CO) >2510. Supported carbon membranes were
prepared by a novel approach using Novolac phenol-formaldehyde resin containing a
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little hexamine as a precursor coated on a porous resin support from the same
material. With one step, both selective film and support were carbonized at 800 °C
originating good ideal selectivity for H,/N, and H,/CH, [85]. The use of Novolac
phenol-formaldehyde resin blended with a thermolabile polymer such as
poly(ethylene glycol) was also carried out with the intuit of inducing pore formation
[72]. Hosseini et al. [138] developed carbon membranes derived from PBI-polyimide
blends obtaining very good results targeting the separations of CO,/CH4; H,/CO,
showing selectivities of, respectively, 204.0 and 33.4; the separation of N,/CH,
exhibited a great nitrogen permeability of 7.99 barrer and a selectivity of 2.78. Very
recently, the use of a new polymeric precursor, poly(phthalazinone ether sulfone)
(PPES) has been tried to prepare carbon membranes. The membranes were prepared
up to 700 °C and tested at 30 °C exhibiting permeabilities towards H,, CO,, O, and N,
of respectively, 610.1, 439.9, 147.0, and 27.0 barrer; the selectivities for the pairs
H,/N,, CO,/N,, and 0,/N, were 22.6, 16.3, and 5.5, respectively. Effects of
sulfone/ketone in poly(phthalazinone ether sulfone ketone) (PPESK) have also been

studied [117].

1.4. Motivation and outline

The present thesis was driven by the need of deeper understanding and studies on
the properties of carbon molecular sieve membranes, which was still lacking in
literature. The morphology and structure of the pore network influence the
properties of the membranes. This part of the research work started within a
European project entitled “Development of New Materials and Processes to Enhance
Specialty Gas Separations”, which has stimulated the start up of a new research
project funded by FCT, designated “Systematic optimization of Carbon Molecular
Sieve Membranes Synthesis - Development of Oxygen Stable Membranes”. In
addition to the study of membrane properties and their influence on performance,
seeking for inexpensive precursors capable of yielding stable CMSM in a single heating

step, suitable for certain applications, was also a goal of this research work.
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The present thesis is divided in three main chapters as follows:

In Chapter Il, “Comparative study between a CMS membrane and a CMS adsorbent”,
the adsorption equilibrium and kinetics of permanent gases was determined and
related to the intrinsic properties for each material. The behavior towards exposure of

water vapor is also studied and related to the surface chemistry of each material.

Chapter lll, “Preparation and characterization of carbon molecular sieve membranes”,
reports the pyrolysis and characterization of carbon membranes derived from a blend
of P84/SPEEK hollow fiber precursor foreseeing the possibility for metal impregnation.
This work was mostly performed at MTG in the University of Twente, the
Netherlands. The study of a commercial cellophane paper, a cellulose based
precursor, as an alternative for preparing carbon membranes is also presented. The

preparation and characterization of these last membranes was carried at LEPAE.

The Chapter IV, “Carbon molecular sieve membranes for air separation”, presents a
simulation study for the separation of nitrogen from air in a hollow fiber membrane
module. The mass transfer through the membranes was described using the

characteristics determined for cellophane derived carbon membranes.

Finally, Chapter V, “General Conclusions and Future Work”, summarizes the main
conclusions of this thesis. Further ideas and framed suggestions for future research
directions are presented, together with brief description of some preliminary

performed work.

Appendix A shows extra results obtained during the internship at MTG. Further details

on the experimental set-ups used along this work are presented in Appendix B.

Appendix C presents some preliminary work to be continued in the future.
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Chapter 2 - Comparative study between a CMS
Membrane and a CMS Adsorbent

2.1. Morphology, adsorption equilibrium and kinetics®

2.1.1. Abstract

This section presents a comparative study between a carbon molecular sieve (CMS)
membrane and a commercial CMS adsorbent; these materials are suited for selective
gas permeation and adsorption-based gas separations, respectively. The purpose of
this analysis is to better understand the mass transport mechanism in CMS
membranes and how it is related to the material’s structure. The structural
characterization based on the adsorption of CO, at 0 °C revealed that the adsorbent
has a greater micropore volume, a smaller mean pore width and a micropore size
distribution shifted to the left, when compared to the membrane. This translates into
a lower adsorption capacity of the membrane towards N,, Ar, CO, and O, at 29.5°C
and 0-7 bar. The adsorption kinetics were also studied and the pressure-dependence
of the apparent time constants established; different models were used to predict the
experimental results, emphasizing the very important role of the ultramicroporosity
on the properties of the materials. The CMS membrane exhibited a pore blockage
effect when permeating O, and CO,. Further morphologic characterization was

performed by SEM, X-ray diffraction and mercury porosimetry.

'Mm.C. Campo, F.D. Magalhdes, A. Mendes, Comparative study between a CMS Membrane and
a CMS Adsorbent: Part | — Morphology, adsorption equilibrium and kinetics, J. Membr. Sci. 346
(2010) 15-25.
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2.1.2. Introduction

Gas separation plays a very important role on several industrial applications. One of
the most important is the separation of nitrogen from air. Nitrogen is used in several
applications concerning blanketing, food and pharmaceutical industry, purging and is
also used for metal treating and others. The production of nitrogen from air started at
the beginning of the XX century, by cryogenic processes [1]. This is a very efficient
large scale technology but also relatively costly for small to median scale production
[2]. By the middle of the XX™ century, special attention started being given to
adsorption processes: pressure swing adsorption (PSA) systems were invented and
the industry opened its mind to the development of new materials to be used as
adsorbents in such units. Zeolites were the first adsorbents that allowed operating at
ambient temperature regarding the separation of nitrogen from air [2]. Some years
later, 1972-1973, Bergbau-Forschung achieved the industrial production of carbon
molecular sieve adsorbents. The porous structure of these carbonaceous materials is
in the size range of atoms/molecules, exhibiting a narrow pore size distribution that
allows for kinetic and steric separations [3]. CMS are used for the specific kinetic
separation of nitrogen from air by a PSA system.

Another emergent process for gas separation is membrane technology. The main
benefit of this technology is its simplicity and easy scale-up; it can be also easily
combined with other processes such as PSA (PSA-M) [4, 5]. In 1980 membrane-based
processes for gas separation found industrial large scale application by Permea (USA),
for hydrogen separation [6]. The success of this company quickly led to the
development of more membrane-based applications such as the recovery of nitrogen
from air by Generon (USA). Up to this date, only organic membranes were used.
However, the need for high permeation rates, combined with high selectivies and
good thermal and chemical stability, directed researchers towards the development
of inorganic membranes. By the beginning of the 80’s, Koresh and Soffer have
developed the first crack free carbon molecular sieve membranes [7-9]. During the
following years, several patents were filled by these and other authors and by the end

of 1990’s the company Carbon Membranes was created in Israel [8-10]. This company
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developed modules of hollow fiber carbon molecular sieve membranes for producing
nitrogen from air. As in the carbon molecular sieve adsorbents used in PSA
technology, these membranes also present a pore network with a narrow pore size
distribution capable of separating species based on their differences in size.
Unfortunately, the company bankrupted by the end of 2001. A major problem with
the existing technology was related to loss of performance after a short period of
time, due to oxygen exposure [11-13]. This aging effect is commonly recognized in
CMS membrane materials. On the other hand, it is not observed in CMS adsorbents,
which can be exposed to oxygen for long time periods, without any loss of
performance.

Carbon molecular sieve adsorbents and carbon molecular sieve membranes might
have similar structural characteristics, but are essentially different in shape. The
adsorbents are usually granular or pelletized, with sizes in the order of 1-6 mm, while
unsupported membranes, in flat sheet or hollow fiber form, preferentially have a thin
selective layer in the range of 1-50 um. As both materials are essentially made of a
carbon skeleton, the preparation techniques are conditioned by the flexibility of the
final material; this is not so relevant for carbon molecular sieve adsorbents, which are
granular, but is a very important issue for carbon membranes, which are known for
their brittleness.

The present work provides a comparison between structural properties of a carbon
molecular sieve adsorbent and a carbon molecular sieve membrane, in order to
assess their influence on the performance of each material. Several characterization
techniques were employed, such as, scanning electron microscopy (SEM), X-ray
diffraction (XRD). Mercury porosimetry was also used, to assess macroporosity, and
carbon dioxide adsorption at 0°C, to determine ultramicroporosity. Adsorption
measurements were conducted for several species, allowing for the determination of
equilibrium isotherms and kinetic parameters.

Carbon molecular sieves for nitrogen separation from air may be prepared from
coconut shell, coal tar, coal tar pitch, granulated carbon impregnated with phenolic or
furan resins, among others. These are heat treated at 600-900 °C under inert
atmospheres or carbon-sourced streams, or previously impregnated with gaseous or
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even liquid hydrocarbons. These carbon depositions may occur in single or multiple
steps [14-22]. The precise manufacturer procedure for the carbon molecular sieve
adsorbent characterized in this chapter is unknown.

The carbon molecular sieve membranes studied were manufactured by Carbon
Membranes, and are derived from cellulosic hollow fibers. According to the relevant
patents and the information given by the producers, the carbon membranes were
prepared according to the combination of several treatments: a) water removal from
the precursor fibers by heating under vacuum or inert atmosphere; b) pyrolysis of the
fibers within the range 500-800 °C by adding a catalyst, namely HCI diluted at 0-12 %
in a nitrogen inert atmosphere; c¢) carbon vapor deposition (CVD) for partial pore
closure, and d) activation using an oxidant gaseous agent for pore opening (air). The
appropriate combination of CVD and activation allows for tuning the intended pore

size within the range of 2.5-5.5 A [8-10, 23].

2.1.3. Experimental
2.1.3.1. Materials

The hollow fiber carbon molecular sieve membranes, designated here as HF CM, were
provided by the Israeli Company Carbon Membranes Ltd. The selected commercial
carbon molecular sieve adsorbent is MSC3K-162, supplied by Takeda. This adsorbent

is recommended for nitrogen production from air by PSA.

2.1.3.2. Morphological and structural analyses

Micrographs have been obtained by high vacuum SEM/EDS in a FEl Quanta
400FEG/EDAX Genesis X4M with a 1.2 nm resolution.

The X-ray diffraction analyses were performed in a Philips X'Pert MPD diffractometer
with a CuKo radiation of 1.54056 A wavelength (40 kV; 50 mA). The samples were

milled prior to the analysis.
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2.1.3.3. Pore size distribution

A Quantachrome mercury porosimeter, model POREMASTER 60, was used. This
equipment allows determining the pore size distribution from 3.5 nm up to 200 um.

The characterization of microporous material is essentially performed by physical
adsorption of gases. The adsorption of N, at 77 K is the most used technique in the
determination of microporosity. However, diffusional limitations occur when
ultramicroporosity is involved (pores < 0.7 nm). For this reason, adsorption of CO, at
0 °C is a good alternative. At this higher temperature access to the smaller pores is
facilitated [24]. The adsorption equilibrium isotherm of CO, was obtained by the
gravimetric method in the suspension magnetic balance described below. From the
adsorption isotherm it is possible to compute the surface area of micropores,

micropore volume, mean pore width and pore size distribution [25].

2.1.3.4. Adsorption

The sorption studies on the CMS membrane and adsorbent were conducted using the
gravimetric method, implemented in a magnetic suspension balance from
Rubotherm® (metal version and 10~ g precision). This system, illustrated in Figure 2.1,
consists on the magnetic suspension balance, pressure sensors (Driick, range 0-7 bar
and 0-350 mbar, 0.1 % FS), a vacuum pump (Edwards, model RV5) and a thermostatic
bath (Huber, model CC1) for circulating water in the jacket of the system when
operating at 29.5 °C and a commercial refrigeration liquid for CO, adsorption at 0 °C.
The feeding system for permanent gases is made of a 5L buffer tank, to minimize
pressure variations during uptakes.

Adsorption equilibrium isotherms and uptakes for N, Ar, O, and CO, were
determined at 29.5 °C. The increments in pressure taken for the uptake curves were
small enough to ensure constant diffusivities within the transient range and to
minimize thermal effects. For structural characterization, the adsorption equilibrium

isotherm for CO, was obtained at 0 °C.
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Figure 2.1 — Schematic representation of the gravimetric apparatus (adapted from [26]).

2.1.4. Results and discussion

2.1.4.1. SEM

MSC3K-162 and HF CM have been characterized by SEM in order to assess the surface
and cross sectional topographies. For HF CM, the outer and inner (bore side) surfaces
were analyzed.

Figure 2.2 presents several micrographs illustrating these views.
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Figure 2.2 — SEM micrographs of MSC3K-162 from a; to az and of HF CM from b, to bs.

Sample MSC3K-162 exhibits similar textures from both in and outside surfaces.
Micrograph as; confirms the existence of a macroporous structure in this material.
Regarding sample HF CM it has apparently a very homogenous surface. Micrograph b;
enhances the fact that a very dense carbon layer is present and macroporosity may

not exist. SEM also allowed to obtain the diameter, d_ , of MSC3K-162 and the

e’

external diameter, d,, of HF CM and membrane thickness, ¢, shown in Table 2.1.

Table 2.1 — Characteristic dimensions.

MSC3K-162 HF CM

d_(um)  1.85x10° 157-181
¢ (um) - 8.8-10.4
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2.1.4.2. X-ray diffraction

X-ray diffraction allowed for a qualitative comparison between the structures of
MSC3K 162 and HF CM and relating these to graphite. The distances between
adjacent graphene layers were determined by employing Bragg’s law and the results
compared with the known values for graphite. Figure 2.3 presents the X-ray

diffraction spectra.

—— HFCM
—— MSC3K-162

Arbitrary

o N

10 20 30 40 50

20
Figure 2.3 — X-ray diffraction patterns for HF CM and MSC3K-162.

The wide peaks are representative of the degree of amorphousness; this was
expected for ungraphitizable porous carbons [27]. It is noted that MSC3K-162
presents more intense peaks, suggesting a more ordered structure than HF CM. Table
2.2 presents the angles of radiation for which the peaks occur, identifying the
respective planes of diffraction, and the distance between lattices. As reference,
corresponding values for graphite are also given. The results show that MSC3K-162
exhibits a behavior closer to graphite than HF CM. Concerning the plane 002, the
diffraction peak appears for MSC3K-162 at 24.1° and for HF CM at 23.3°
corresponding, respectively, to an interlayer spacing of 0.369 and 0.381 nm. The same
diffraction peak for graphite appears at 26.6°, corresponding to the known distance of

0.335 nm [28].
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Table 2.2 — X-ray diffraction results obtained for MSC3K-162 and HF CM, and values for

graphite.
MSC3K-162 HF CM Graphite °
hkl 002 101 002 101 002 101
20 24.0709 43.4827 23.3489 43.2821 26.6106 43.4533

d (nm) 0.3694 0.2079 0.3807 0.2089 0.3347 0.2081

a) Data base of Philips X’Pert software

2.1.4.3. Mercury porosimetry

This technique of mercury intrusion allows for a macroscopic comprehension on the
structure of the materials. Differences at this level may also help understand global
differences between the carbon molecular sieve membrane and adsorbent.

Figure 2.4 shows the pore size distribution for MSC3K-162 in pellets and milled,
respectively with a particle size of 1.8-2 mm and 0.5-0.74 mm. From Figure 2.4 it is
seen that the macroporosity was not significantly affected by milling, even though a

decrease on the total macropore volume is observed.

0.8

0.6

0.4

Differencial intrusion / cm® g™* um™

0.2 1

0.0

102 10 100 10

Diameter / um
Figure 2.4 — Meso/macroporosity obtained from mercury porosimetry. The solid line
represents the commercial adsorbent MSC3K-162 and the dashed line represents the same
milled adsorbent.
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In Figure 2.5 pore size distributions of MSC3K-162 and HF CM are compared. The

average macropore size is 3.2x10™" and 1.8x107 um, respectively.

1.6
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1.0 |

0.8 -
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0.4

Differencial intrusion / cm® g™ pm™

0.2

0.0 NL

102 10 100 10°

Diameter / um
Figure 2.5 — Comparison of meso/macroporosity obtained from mercury porosimetry between
the adsorbent MSC3K-162 (black line) and the HF CM (grey line).

Table 2.3 summarizes the physical properties obtained by mercury porosimetry and
the skeleton density, p,. which was obtained by helium picnometry using the

gravimetric method. It can be concluded that milling the adsorbent to half its size did
not affect the physical properties of the material. This is in agreement with the
pomegranate morphology observed for the CMS adsorbent, as seen in Figure 2.2.

From Figure 2.5 and Table 2.3 it can be seen that MSC3K-162 has higher
macroporosity than HF CM. The total porosity for MSC3K-162 is 0.46. However, only

the fraction of very small pores is relevant for molecular sieving. Therefore, f.

3.5nm "’
which is the fraction of overall porosity corresponding to pores smaller than 3.5 nm, is
a good indicator of the kinetic separation characteristics of the CMS materials. The
carbon membrane presents about 67 % of pores in this range, while adsorbent

MSC3K-162 shows just 30 %. However, MSC3K-162 is still presenting the highest

volume of pores with dimensions smaller than 3.5 nm (¢ = 0.14) when compared

<3.5nm

to the membrane HF CM (¢ =0.11).

<3.5nm
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Table 2.3 — Physical properties of the samples.

MSC3K-162 MSC?K'IGZ HF CM
milled
p,. /gem? 1.98 1.98 2.07
p,, /gcm’ 1.0702 1.0559 1.7423
p,, /gcm’ 1.5747 1.5742 1.8383
- 0.46 0.47 0.16
s 0.14 0.14 0.11
T 1.8680 1.8579 2.1382
. 0.30 0.29 0.67

2.1.4.4. CO; adsorption at 0 °C

Structural characterization

The adsorption equilibrium isotherms of CO, at 0°C (see Figure 2.6) exhibit type |

behavior in both MSC3K-162 and HF CM. As should be expected for carbon molecular

sieves, the materials studied reach a plateau for the maximum adsorption capacity for

relative pressures around 0.2, implying a significant volume fraction of micropores

[29].

g/ mol kg™

4.0

3.5 A A
A

R
3.0 N AAA
254 aa

2.0 A

L
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1a
1.0
0.5
0.0 & T
0.00 0.0

.05

0.15 0.20

PP,

Figure 2.6 — Adsorption equilibrium isotherms for CO, at 0 °C: experimental data A MSC3K-
162 and A HF CM.
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Despite the existence of some mesoporosity, and even macroporosity, the adsorption
capacity of a porous carbon material is mostly determined by its microporosity. For
several years, the Dubinin-Radushkevich (DR) equation, based on the work previously
carried by Polanyi, has been used for characterizing microporous materials. The
inherent theory behind this equation is called the Theory for Volume Filling of
Micropores (TVFM). Despite not following Henry law for very low pressures, DR
equation, represented by eq. (2.1), is still commonly used mainly due to its simplicity

and ability to provide relevant information on the pore network [30].

2
W =W, ef%%j (2.1)
W=gq-v, , is the volume filled at temperature, T, in this case 0°C, at a certain
relative pressure, P/PO, that corresponds to a certain amount adsorbed, ¢ . The
molar volume, v, , used to translate the adsorbed amount of the probe CO, molecule

into a corresponding volume in the adsorbed state, is 42.90 cm® mol™ [31]. W, is the

total micropore volume obtained by fitting the equation to experimental data, 4 is

defined as *I{Tln(PO/P), £ is the affinity coefficient for carbon considered 0.35 and

E, is the characteristic energy [24, 32]. For slit-like pores in carbons, the

characteristic energy (£, between 40-42kJ mol™?) [24, 25] is related to the mean
micropore width, L, through the relation of Stoeckli et al. [32] and consequently to

the total surface area of micropores, S, , as follows [24, 33]:

10.8
L(nm)=——-—— :

(nm) =S4y 22

2000 W, (em® g)

L(nm)

S e (m2 g’ ) = (2.3)

The characteristic curves obtained for MSC3K-162 and HF CM are described by the DR
approach, as presented in Figure 2.7. In both cases the fitting describes very well the

experimental data.
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Figure 2.7 — Carbon dioxide characteristic curves at 0 °C for A MSC3K-162 and A HF CM. The
solid lines represent DR fitting.

The structural parameters are listed in Table 2.4. Consistently with the conclusions
taken from Hg porosimetry, MSC3K-162 has a higher micropore volume than the
membrane HF CM. The characteristic energy is quite similar for both cases, indicating
that the activated process of adsorption might happen with similar intensity. Thus,
the resultant mean pore widths obtained from eq. (2.2) for MSC3K-162 and HF CM
are also close, respectively, 0.498 and 0.514 nm. It is worth mentioning that these are
just mean values. The pore size distribution provides more complete information

about the differences between the two materials being studied.

Table 2.4 — Structural parameters for MSC3K-162 and HF CM.

MSC3K-162 HF CM

W, (cm’ kg™) 185.7 168.7
E, (ki mol™) 33.1 32.4
L (nm) 0.498 0.514

S (m*g?) 746.1 656.9

mic
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2.1.4.5. Micropore size distribution

Carbon molecular sieves present a very complicated and heterogeneous microporous
structure. Do et al. [34, 35] developed a structure-based method to account for the
pore network heterogeneity by determining the micropore size distribution. Basically,
the method consists in the use of the local Langmuir isotherm for all pores of size »
while the heterogeneity of the system will be described by the distribution of

micropores with different size, given by f(r)[34]. The amount adsorbed is given by

4,,.(P,r),and ¢ isthe maximum capacity for pores of size r .

m b 0re (r)POI‘C (r)
Goore (P7) = e (1) 7 "b "P (2.4)
+ pore(r) pOI‘C(r)
For each pore of size, r, the adsorption affinity constant, bpm, is calculated as

described in eq. (2.5), where, b, is the affinity factor related to adsorption on a flat

surface.

b b pore___— (2.5)
pore s p ERT

E_ is the potential energy when a molecule is adsorbed on a flat surface and £ _ is

pore

the potential energy when a molecule is adsorbed inside a pore. £ and E _ are

pore
calculated considering the heat of adsorption at zero loading, which corresponds to
the minimum potential energy of adsorption. A slit like pore configuration is assumed
here, as is often found for microporous carbonaceous materials [23, 35-37]. The
potential energy of interaction between the graphite type walls and the probe gas
molecule are described by the 10-4-3 potential of Steele [38, 39] shown in eq. (2.6)

and corresponds to the symmetric of the heat of adsorption:

10 4 4
(o o (o
H(z)=2mp,6,0,A 3(4] —[—fj - L (2.6)
5\ z z ) 3A(0.61A+z)

where z is the distance between the center of the probe molecule and the center of

a carbon atom at the pore wall, A is the distance between graphene layers, p, is the
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density of carbon atoms in graphite, o are the solid-fluid interaction

, and &

f
parameters estimated by the Lorentz-Berthelot mixture rules. The micropore
potential energy is then calculated by the summation of contributions from both
walls.

Furthermore, the local pore equilibrium isotherm also depends on the pressure and

here this model distinguishes between the bulk, the gas confined in the pore and the

adsorbed state. So, P._, which is the pressure of the gas confined in the pore is

pore 7

related to the bulk pressure, P

&+ using an Arrhenius law dependency:

—E¢

pore

B e = B €Xp RT

pore

(2.7)

The Epgm, which is the mean potential energy of the gas state molecules confined in

the pore, does not correspond to a minimum energy, but to a mean value, here
approximated by the potential at the center of the pore, 2/2.

The optimization is then performed using the experimental adsorption equilibrium
isotherm for CO, at 0 °C. It has been used as a probe molecule due to its small size

and ability to highly adsorb in porous carbons. The amount adsorbed at a given

pressure, P, expressed as qexp(P) , is the overall contribution of every single pore
isotherm as stated in eq. (2.8):
Gop(P) = [, Gy (Por) /() lr (2.8)

Further details about this method are described elsewhere [34, 40]. The resulting
pore size distributions for MSC3K-162 and HF CM were obtained and are presented in

Figure 2.8.
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Figure 2.8 — Pore size distribution for MSC3K-162 (red line) and HF CM (black fill).

As reported in several works [23, 25, 29, 32, 41], subatmospheric CO, at 0°C is
commonly used to assess very narrow microporosity (0.3-1 nm). Despite the existence
of some larger pores, the resistance to mass transfer is caused by pores with sizes
close to those of molecule dimensions. The experimental adsorption equilibrium
isotherm for CO, at 0 °C was determined in mol of adsorbed CO, per kg of adsorbent.
To convert these units to volume of pores one used the molar volume already
mentioned before. Once more, it is observed that the overall microporosity within the
determined range is higher for MSC3K-162 than for the membranes HF CM, but both
present pores in the range responsible for molecular sieving (0.3-0.6 nm). However,
HF CM presents a micropore size distribution slightly shifted to the right, towards
higher pore sizes when compared to MSC3K-162. Despite being small differences,
they might be important and influence diffusion of molecules with closer sizes such as
N,, O,, Ar and CO,, cf. section 2.1.4.6.

Nevertheless, the micropore size distribution derived from adsorption equilibrium
data may not be enough to explain the mass transport mechanism; the way pores are
connected with each other should also play an important role [24, 35]. A carbon
molecular sieve adsorbent might have dead end pores contributing for the separation
capacity, but this is not true for membranes, where such pores do not contribute to

the steady state permeation. The smallest pore sections existent all over the
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membrane thickness are often called constrictions, and are responsible for the
selectivity of such materials [42]. In the adsorbent, these smaller pores are eventually
responsible for differences in the kinetics of adsorption.

Therefore, next section will provide complementary information about equilibrium

and kinetics of adsorption for MSC3K-162 and HF CM.

2.1.4.6. Adsorption equilibrium

The adsorption equilibrium isotherms of N, O,, Ar and CO, in MSC3K-162 and HF CM
were determined at 29.5 °C. The Langmuir equation was used to fit the experimental
adsorption equilibrium values of N,, Ar and O, and the SIPS equation to fit the
adsorption values of CO,. In the case of CO,, the Langmuir equation was not able to
describe adsorption equilibrium values. The assumptions [43] behind this equation
are not valid in this case; it assumes that the surface is homogeneous, what probably
is not. Therefore, the SIPS equation, accounting for the heterogeneity of the system,
has been used to fit CO, experimental data. The Langmuir and SIPS equations are as

follows, respectively:

B bP 2.9)
= p |
bP 1/n

"1+ (bP)"
where ¢ is the adsorbed solute concentration at pressure P, ¢, is the adsorbed

saturation capacity, b is the adsorption affinity constant, revealing the adsorption
strength of a species onto the surface, and » is a parameter which accounts for the
heterogeneity of the system. When »n is equal to 1, then the SIPS equation turns to
Langmuir equation. These parameters were obtained by fitting the equations to the
experimental adsorption data, minimizing the sum of the squared residuals divided by

the number of experimental points, np , for each gas.

Figure 2.9 represents the experimental adsorption equilibrium values and
corresponding equation fits, and Table 2.5 lists the parameters obtained from these

fits.
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Figure 2.9 — Adsorption equilibrium isotherms on a) MSC3K-162 and b) HF carbon membranes
at 29.5°C: Experimental data <& N,, [ Ar, ACO, and O 0,, — adsorption equilibrium
equations.

Table 2.5 — Parameters of the Langmuir and SIPS equations for MSC3K-162 and HF-CM
obtained from the adsorption equilibrium values determined by the gravimetric method at
29.5°C.

Langmuir and SIPS parameters

q, b #\2
(mol kg™ (bar™) " Z(q_q ) /np
HF CM
N, 1.589 0.144 - 1.36 x 10”
Ar 1.994 0.108 - 2.82x10°
co, 3.618 0.773 1.334 3.01x10°
0, 2.013 0.112 - 2.52x10°
MSC3K-162
N, 1.928 0.196 5.74 x 10°
Ar 2.325 0.142 2.88 x 10
co, 4.221 0.718 1.407 9.54x10”
0, 2.391 0.149 4.29x10°

In these carbonaceous materials the surface is mainly non-polar, and for that reason
its interaction with non-polar or weakly polar species is attributed to Van der Walls

forces. This is the case for N,, Ar, O, and CO, adsorption onto carbon. Before
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discussing the adsorption equilibrium results, it is important to remember the
dimensions of each species: the molecular sizes of the sequence CO,-0O,-Ar-N,, are
respectively, 3.30<3.47<3.54<3.64 A [44].

As visualized in Figure 2.9, MSC3K-162 presents a higher adsorption capacity than HF
CM towards all the tested gases, as also verified by the saturation capacity obtained
from the fittings. This was already expected, since the DR analysis indicates a greater
micropore volume for MSC3K-162. In both cases, the most adsorbable species is CO,,
due to its induced polarity and smaller size, followed by O,, Ar and N, in this order.
The Langmuir equation described well experimental data for N,, Ar and O,, but could
not describe CO, adsorption. CO, has access to smaller pores that the other species
do not; for that reason a model accounting for the heterogeneity of the system (SIPS)
was a better choice. The fittings obtained for O,, Ar and N, have very similar shapes,
in both materials, but yielding slightly higher saturation capacities for O,, followed by
Ar, as shown by the parameters given in Table 2.5. Both materials showed
reproducible nitrogen adsorption results after exposure to each of the other gases.

In order to assess the effect of the particle size of adsorbent on the adsorption
capacity of the milled granules of MSC3K-162, the adsorption equilibrium isotherm of

N, was also determined and equivalent equilibrium values were obtained.

2.1.4.7. Adsorption kinetics

Experimental uptakes

Experimental uptake curves have been determined at 29.5 °C for N,, Ar, CO, and O,

for both materials within the range of 0-7 bar. The rate of adsorption was
quantitatively evaluated in terms of the apparent time constant, D/r2, which is

directly computed from the experimental uptakes. Concerning MSC3K-162,

isothermal diffusion in a homogeneous spherical particle was considered [43]:

le—ﬂ—zz—zexp(—n T r—ztj (211)

n=1
where F is the fractional uptake at instant ¢ and D/r2 is the apparent time

constant.
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However, for CO, and O,, this model could not predict the uptakes due to thermal
effects associated with a very fast diffusion. Thus, a non-isothermal model was
applied to the uptake curves of CO, and O, in MSC3K-162 [45]. This model is as

follows:

. 9[(qn cotg, —1)/q,’ ]Z exp(—qn2 thj
F=1-3 !

P —+é[% cotg, (g, cotg, —1)/‘1»«2 +1]

(2.12)

where ¢, is evaluated by the roots of 33(qg,cotg, —-1)=¢g,’—a with a and g

being parameters of the model, as well as the apparent time constant D/r2 . In the
limiting case when a —> o and f— 0 the expression reverts to eq. (2.11). For the
CO, uptakes, the values obtained for « and S were, respectively, within the range of
3.2-3.6 and 0.3-4.7; for O, uptakes, the ranges are, respectively, 0.6-0.7 and 0.2-0.9.
The values of «, fand D/r2 were obtained by fitting eq. (12) to experimental
uptake curves.

For HF CM, the uptakes for the four gases were fit by the isothermal diffusion model
for slab geometry [43] as represented in eq. (2.13):

2 & 1 2
F=1-— ) ——exp|—(n-1/2 —t 2.13
e (n—l/Z)z Xp[ (n / ) a 2 } (2.13)

Other models assuming spherical or cylindrical configuration were tested but the fit of
the experimental data was not as good. The amount of sample used in the
experiments was lower than in the case of MSCK3-162 and therefore no significant
thermal effects were observed. Figure 2.10 provides an example of the experimental

uptakes obtained for the two materials, as well as the corresponding model fits.
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Figure 2.10 — Experimental uptake curves for N,, Ar, CO, and O, in a) MSC3K-162 and b) HF CM
at 29.5 °C and 7 bar pressure and respective fitting models.

The models described experimental uptakes well and the apparent time constants
were obtained for each pressure studied. Experimental uptake curves of N, were also
performed in the milled adsorbent and coincident apparent time constants were
obtained.

Next, in Figure 2.11, the apparent time constants of N, Ar, CO, and O, for a) MSC3K-
162 and b) HF CM are presented.
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Figure 2.11 — Relationship between the apparent time constant and pressure at 29.5 °C for <&
N,, L1 Ar, ACO, and O O, on a) MSC3K-162 and b) HF carbon membranes.

In general, the apparent time constants revealed to be higher in HF CM than in

MSC3K-162. Expectedly, adsorbent MSC3K-162, specially designed for the kinetic
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separation of N, from air, presents higher kinetic selectivities for 0,/N,, about 10
times higher than the ones found for HF CM. This fact should be related to the small
differences in the mean pore width which is slightly smaller in the case of MSC3K-162,
as seen before; however, due to the similar diameters of present species, this little
difference in the pore width should be enough to slow down the diffusion rates by
one hand, and to enhance kinetic selectivities on another.

The samples were regenerated with helium at 70 °C after uptake measurements of
each gas. Analogously to what was done in the equilibrium determinations, N,
uptakes, at low and high pressures, were performed after regeneration, in order to
check the adsorption conditions uniformity along all determinations. Reproducible
results were always obtained, even after exposure to oxygen. Additionally, the
influence of macropore diffusion was assessed by employing the procedure outlined
by Ruthven [46] and reported by Rutherford and Do on a CMS Takeda 3A [47]. It was

indeed verified that macropore diffusion is negligible for the gases studied.

Pressure-dependence

Normally, the diffusivities and, hence, the apparent time constants, depend on
pressure. The Darken relation is one of the most used models; it is derived
considering that the driving force for mass transport is the chemical potential
gradient and assuming ideal gas behavior. The commonly used simplified form of this
relation is [43]:

OlnP
D =D _ —— 2.14
“7 Blng (2.14)

where Dﬂo is the diffusivity at zero loading and is a parameter of the model. When the

Langmuir or SIPS equation is used to describe the adsorption equilibrium, the Darken

relation takes the following forms, respectively:

D, =D, (1+bP) (2.15)

D,=D, (1+(bP)yﬂ) (2.16)
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However, for some systems the Darken model fails to describe the relation of
diffusivities with loading. Do et al. proposed a structural-diffusion model [48] which
accounts for a stronger pressure-dependence:

A

D =———
u aq
oP

(2.17)

where 4 is a constant. The adsorbed concentration, ¢, is given by an adsorption

isotherm equation. The SIPS equation was chosen in the present case:

(1 +(bPY" )2

D, = D;,o (2.18)

1-n
n

(bP)
For adsorbent MSC3K-162, Figure 2.12 provides an overview on the pressure

dependence of the apparent time constants obtained from the experimental uptakes.
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Figure 2.12 — Dependence of the apparent time constant with pressure at 29.5 °C on MSC3K-
162: experimental < Ny, (I Ar, ACO, and O 0,, —Darken model, eq. (2.15), - - Do model,
eq. (2.18).

The apparent time constants exhibit increasing pressure dependence with loading, as
also reported for other carbon molecular sieve adsorbents [40, 49]. The apparent
time constants for Ar, N, and O, can be described by the Darken-Langmuir model.
CO,, on the other hand, showed a much stronger dependence, which is better fit by
the Do-Sips relation. The species diffusion coefficients chase the following order:
0,>C0O,>N,>Ar. However, this trend does not follow the suggested order based only

on the kinetic diameters of the species. This tendency has been reported by other
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authors [47, 49-52] and it has been questioned whether or not the atomic/molecular
sizes are enough to explain differences in diffusivities. It has been more frequently
accepted that other factors are important to justify these differences: shape,
adsorption affinity, electronic properties, etc [49-52]. It was observed that CO,, being
smaller than O,, presents a lower rate of adsorption up to ca. 2.5 bar. Similarly, O,
and N,, with close kinetic diameters, exhibit very different adsorption rates, hardly
attributable to differences in size.

These models always predict an increase of diffusivity with loading when favorable
isotherms are considered. However, most of the carbonaceous materials used to
validate these models have been activated carbons, carbon blacks and some carbon
molecular sieve adsorbents; very few information is available concerning carbon
molecular sieve membranes [23, 53, 54].

Five decades ago, a work performed in molecular sieves revealed a decreasing
loading-dependence for N, diffusivity [55]. On the other hand, CH, exhibited an
increasing dependence in the same material [55]. Nevertheless, a physical
interpretation was not provided. More recently, Chen and Yang [56] have also
obtained experimental results for molecular sieve zeolites showing a decreasing
pressure-dependence of diffusivities. Those authors suggested that this was caused
by inter-molecular blockage effects occurring at higher pressures. Since Darken
models or other structural models always predict an increase of diffusivities with
loading, the need of a model which could explain either increasing or decreasing
tendencies of experimental data was necessary. Chen and Yang developed a new
model which includes an extra parameter, A, that accounts for the pore blockage
effects as well as loading dependence [56]:

-0+ 20@-0)r H1-A)(1-A) 2
D,=D 2 2 (2.19)

H 40 2
(1—9+A9j
2

Here @ is the surface coverage and A the pore blockage parameter; when the

parameter that measures the blockage extent is null (no blockage occurs) the

expression becomes the Darken-Langmuir relation.
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In 2007, Bhatia and Nicholson presented a molecular simulation study to validate a
novel theory to predict the density dependence of diffusivities in molecularly sized
nanopores, using CH; and CF, as probing species [57]. These are pore structures
typical of activated carbons, silicas, zeolites and molecular sieves. These authors
found that, for some adsorbate sizes, a concentration increase may lead to significant
radial interactions between neighboring species, augmenting wall collisions and
causing a decrease in apparent time constants.

In the present work, different behaviors were observed for the measured apparent
time constants. Figure 2.13 presents both experimental data and model fits for the

pressure-dependence of apparent time constants on HF CM.
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Figure 2.13 — Dependence of the apparent time constant with pressure at 29.5 °C on HF
carbon membranes: experimental < N,, [ Ar, ACO, and O 0,, —Darken-Langmuir models,
- — Darken-SIPS model, ...... Chen and Yang model.

Concerning HF CM, the species studied showed a different behavior than in MSC3K-
162. Now, the faster diffusing species is O,, followed by CO, and finally by Ar and N,.
Contrarily to adsorbent MSC3K-162, the membranes seem to lose some of their
kinetic selectivity with increasing pressure. Also interesting, is that in opposition with
what is verified to MSC3K-162, Ar diffuses faster than N,, although they tend to
become equally fast as loading increases; still in the case of membranes HF CM, both
Ar and N, follow the Darken-Langmuir relation. However, for CO, or O,, this relation
only fits the diffusivities up to 1 bar and fails the prediction up to 7 bar, as the

measured diffusivities actually decrease. The structural model developed by Do et al.
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[48] also fails, since it predicts an even stronger pressure dependence. The model
proposed by Chen and Yang was then used to fit O, and CO, apparent time constants
as a function of the pressure and good results were achieved. It was also applied to
results obtained with N, and Ar, where the fit value of A was zero, turning the model
into the Darken-Langmuir relation.

Table 2.6 indicates the models used to describe the pressure-dependence of apparent
time constants of each gas on each material and presents the parameters obtained

for each model.

Table 2.6 — Pressure-dependent models and their parameters for MSC3K-162 and HF CM.

MSC3K-162 HECM
D : D 2
. no TelT Model boa Pelm Model
(bar™) (S-l) (bar™) (S'l)
N, 196x100 - 134x10% P2 qasaet . 171x0%  DTke™
Langmuir Langmuir
Ar o 142¢100 - 967x10° D™ q0gagt - 202x0% D™
Langmuir Langmuir
-1 -4 5 Diffusion+
CO, 7.18x10° 141 9.92x10"  Do-SIPS - 2.2 4.06x10 Block
§ B _ . Diffusi
0, 1.49x10™ - 5.22x10°3 Darken' ) 31 7.09x10° iffusion+
Langmuir Block

As shown before, the pore size distribution of HF CM in the range responsible for
molecular sieving (0.3-0.6 nm) is shifted to the right comparatively to MSC3K-162
(larger pores). This small difference may be responsible for the effect observed for the
smaller species. The adsorbent should allow only a single layer of adsorbed species
migrating through the constrictions, within the range of pressures studied. On the
other hand, the membrane, with slightly larger pores, may accommodate, at higher
pressures, two layers of the smaller species (CO, or O,), but still only one layer of the
larger species (Ar or N,). According to the theory suggested by Bhatia and Nicholson
[57], at low pressures only one layer for any gas should be formed and only axial
interactions between adsorbates should occur; as loading increases, lateral (radial)

adsorbate-adsorbate interactions should become relevant for the smaller species, CO,
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and 0, and a superposition of the potentials from adsorbate-adsorbate and
adsorbate-wall interactions should occur, leading to a deceleration of the molecules
and hence, to a decrease in diffusivities. This explains why CO, and O, diffuse slower
with increasing pressure, in opposition to Ar and N,. These last species, being larger
than O, and CO,, behave according to Darken relation because they only form a line
of adsorbed species due to the limitation of the pore width. To our knowledge, it is

the first time that such behavior is evidenced for carbon molecular sieve membranes.

2.1.5. Conclusions

A carbon molecular sieve membrane (hollow fiber) and a carbon molecular sieve
absorbent (spherical particle) have been compared. The morphology of these
materials was analyzed by SEM showing that the adsorbent particle presents a
macropore network structure in opposition to the hollow fiber, which is apparently
dense. These structural differences were in agreement with the results found by Hg
porosimetry; they revealed that the adsorbent particles present an overall
macro/mesoporosity of 0.46 against 0.16 in the membranes. The adsorption of CO, at
0 °C was used to assess the ultramicroporosity: the micropore volume assessed by DR
approach for MSC3K-162 and HF CM is, respectively, 185.7 and 168.7 cm® kg™. The
mean pore widths determined using the relation of Stoeckli et al. are, respectively,
0.498 and 0.514 nm. Accordingly, the micropore size distribution of HF CM is slightly
shifted towards larger values of pore width, in relation to MSC3K-162. This is probably
the fundamental difference between these two carbonaceous materials.

The adsorption equilibrium isotherms of N,, Ar, CO, and O, were determined at
29.5°C in both materials and similar curves were obtained. The experimental
equilibrium values of N,, Ar, and O, were fit by the Langmuir equation while values of
CO, were fit with the SIPS equation. MSC3K-162 presented slightly higher values than
HF CM, which was expected due to its larger overall microporosity. Experimental
uptakes of N, Ar, CO, and O, have been performed in both MSC3K-162 and HF CM at
29.5°C and 0-7 bar. A diffusion model for a spherical homogenous particle was

applied to fit experimental uptakes of N, and Ar. However, the fast diffusion of CO,
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and O, originates non-isothermal effects, implying the use of an appropriate model.
On the other hand, experimental uptakes performed on HF CM were all properly fit
with an isothermal diffusion model assuming slab geometry. The apparent time
constants at different pressures were determined for each gas. The pressure
dependence of the apparent time constants was then established; the adsorbent
MSC3K-162 behaves according to Darken-Langmuir relation for the diffusion of
species Ny, Ar and O,. CO,, on the other hand, exhibits a more pronounced pressure-
dependence, following a Do-SIPS relation. HF CM presents a Darken-Langmuir
behavior for the larger species, N, and Ar, while CO, and O, present a first increasing
and then decreasing pressure-dependence. This last behavior was well described by a
model developed by Chen and Yang. This model has an extra parameter which
accounts for blockage effects that might occur inside the ultramicropores. The mass
transport mechanism suggested by Bhatia and Nicholson [57] was found to provide a
meaningful interpretation of these results; the pores in HF CM may allow lateral
interactions (along the pore radial direction) of species CO, and O, rather than only
axial interactions when two layers of adsorbed species happen. When pressure
increases the adsorbed concentration also increases and repulsive interactions
between neighboring adsorbates lead to an enhancement of wall collisions, causing a
decrease in diffusivity. In MSC3K-162, which has slightly narrower micropores, only
axial interactions should be relevant and diffusion follows an increasing pressure

dependency.
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2.2. Water vapor adsorption and surface chemistry®

2.2.1. Abstract

The adsorption/desorption equilibria of water vapor in a carbon molecular sieve
(CMS) membrane and a commercial CMS adsorbent were determined, exhibiting S-
shaped, type V isotherms. The fits of several models found in the literature to the
experimental data were evaluated. The results obtained led to the development of a
new model accounting for both adsorption and desorption and essentially based on
the work of Lagorsse et al. (2005). Furthermore, the adsorption kinetics was also
assessed for both materials and well described by a Linear Driving Force model. The
existence of hydrophilic groups responsible for water vapor adsorption in such
carbonaceous materials has been related to the surface chemistry by means of X-ray
microanalysis and by thermogravimetry. It was concluded from X-ray microanalyses
that the carbon membrane presents a lower C/O ratio and is thus more sensitive
towards water vapor exposure, as evidenced by the measured water adsorption at
lower relative pressures. It was also observed that the diffusion rates are higher for

the CMS membrane than for the CMS adsorbent.

2.2.2. Introduction

The present section continues the comparative study between a carbon molecular
sieve (CMS) membrane and a commercial CMS adsorbent suited for gas separation,
reported previously, giving now emphasis to the surface chemistry of these materials.
It is widely known that many gaseous streams present water vapor to some extent
[58]. In the particular case of the separation of nitrogen and oxygen from air using
carbon molecular sieve materials, the influence of water vapor is of significant
interest [59]. The presence of a small amount of water can sometimes disable or

decrease the performance of the adsorbents [60].

> M.C. Campo, S. Lagorsse, F.D. Magalhdes, A. Mendes, Comparative study between a CMS
Membrane and a CMS Adsorbent: Part Il —Water vapor adsorption and surface chemistry J.
Membr. Sci. 346 (2010) 26-36.
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These materials are mainly constituted of carbon atoms distributed as disordered
graphene layers that work as hydrophobic sites for adsorption. However, some
heteroatoms are also present, conferring a hydrophilic character to these carbon
structures and allowing for the adsorption of water [31, 61, 62]. The heteroatom
more often present in these structures is oxygen, which can assume different forms,
as hydroxyl, carboxyl, quinone, peroxide or aldehyde functional groups [58, 60, 63].
Water molecules establish hydrogen bridges with the oxygen on the surface, known
as primary adsorption sites [61, 64], and subsequent water molecules will then bond
to the previously adsorbed water molecules [64]. When this molecular cluster
becomes sufficiently large, dispersion forces become predominant and it leaves the
primary site adsorbing thereafter into hydrophobic micropores [65]. The adsorption
isotherm is therefore a function of the concentration and distribution of primary
adsorption centers, pore structure and vapor pressure [60, 66].

According to IUPAC designation, the adsorption of water vapor in carbon materials
having oxygen functional groups exhibits a type V isotherm also known as S-shape
[65, 67-70]. It has been discussed in literature that hysteresis in such materials may be
explained by differences between filling and emptying mechanisms, rather than by
condensation in mesopores [64, 71].

In the previous section a carbon molecular sieve adsorbent from Takeda (MSC3K-162)
and a carbon molecular sieve hollow fiber from Carbon Membranes, Inc. were
studied. Their structural properties were compared and their influence on the
performance of each material was assessed through several characterization
techniques (scanning electron microscopy, X-ray diffraction, mercury porosimetry,
micropore size distribution). The determination of equilibrium isotherms and kinetic
parameters for N,, Ar, CO, and O, was performed at 29.5 °C. In this section, both
materials are characterized by thermogravimetric analyses, assessing the fixed carbon
content and the volatile matter related to heteroatoms existent on the surface. The
surface chemistry of each material is investigated by X-ray microanalysis and related
to water vapor adsorption/desorption equilibrium and kinetics. The way different
heat treatments influence the final hydrophilic group content [72] was also analyzed.

The adsorption of water vapor on these groups provides meaningful information
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about the structure of the carbonaceous materials. The experimental adsorption
curves were fit by models described in the literature and a new model is also

proposed.

2.2.3. Experimental
2.2.3.1. Materials studied

The carbon molecular sieve membranes designated here as HF CM were provided by
Carbon Membranes Ltd., an Israeli company that bankrupted meanwhile. MSC3K-162
is a commercial carbon molecular sieve adsorbent supplied by Takeda and indicated

for nitrogen production from air by PSA.

2.2.3.2. Thermogravimetric analysis (TGA)

The materials under study were submitted to a proximate analysis by
thermogravimetry in order to determine their content in moisture, volatile matter,
fixed carbon and ashes. The analyses were performed in a Netzsch TG 209 F1 Iris
thermogravimetric balance, with 10 g precision; samples of 5 mg were used. The
feed gases were N,, up to the oxidation stage (950°C), and O,, afterwards. The
temperature protocol used was mainly based on the work published by Ottaway [73]
and is presented in Figure 2.14. The heating rate was 25 °C min™, with dwells at 50 °C,
110 °C and 950 °C. The long dwells used at 50 °C and 110 °C are mainly related to O,
removal for preventing oxidation at higher temperatures. The dwell at 110 °C assures
that all water is removed. The final dwell at 950 °C has a total extent of 20 min,
divided in two subdwells; 9 min under N, for volatile matter release and 11 min under

oxygen for assessing the ash content.
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Figure 2.14 — Procedure for proximate analysis.

2.2.3.3. X-ray microanalysis

The surface chemistry of both MSC3K-162 and HF CM was assessed by X-ray
microanalysis using a FEI Quanta 400FEG / EDAX Genesis X4M. These analyses were

performed in simultaneous with SEM, already presented in the previous section.

2.2.3.4. Adsorption

The sorption studies in the CMS membrane and adsorbent were conducted using the
gravimetric method, in the same magnetic suspension balance from Rubotherm®
(metal version and 10° g precision) already presented in the previous section.
However, the system has been adapted to allow sorption studies towards water
vapor, as illustrated below: a small tank filled with liquid water was added for
supplying vapor, up to the desired pressure, to the 5L feeding tank. This system is
represented in dashed lines in Figure 2.15. The samples were regenerated with
helium at 70 °C before and after water vapor measurements. Nitrogen was used to
check the adsorption stability of the materials by determining adsorption equilibrium

values and uptake curves before and after vapor exposure.
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Figure 2.15 — Schematic representation of the gravimetric apparatus adapted for water vapor
studies (adapted from [26]).

2.2.4. Results and discussion
2.2.4.1. Thermogravimetric analysis

Proximate analysis by thermogravimetry has been performed for MSC3K-162 and HF
CM. The mass fraction of the sample is represented in Figure 2.16, employing the

heating protocol described previously.
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Figure 2.16 — Proximate analysis of MSC3K-162 (black circles) and HF CM (gray triangles) by
thermogravimetric method. The species removed at different time intervals are identified.
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The weight results are presented in a dry basis and are summarized in Table 2.7.

Table 2.7 — Dry basis (d.b.) results of proximate analysis by thermogravimetry of MSC3K-162

and HF CM.
MSC3K-162 HF CM
Volatile matter (% d.b.) 2.27 16.3
Fixed Carbon (% d.b.) 97.4 83.7
Ash (% d.b.) 0.35 0

It is evidenced that both MSC3K-162 and HF CM present a high yield of fixed carbon.
In fact, the carbon structure of each material is the result of the heat treatment
employed; the higher the heat temperature achieved, the greater the stability of
carbon structure [31]. Probably the carbonization step for MSC3K-162 occurred up to
higher temperatures (700-900 °C) [74] yielding a more stable structure richer in fixed
carbon. On the other hand, the HF CM prepared up to 600 °C most likely originated a
carbon structure with some unstable atoms susceptible of chemisorbing oxygen when

exposed to air. The ash content is very low for MSC3K-162 and absent in HF CM.

2.2.4.2. X-ray microanalysis

In Figure 2.17 the X-ray microanalyses of the materials’ surfaces are shown.

It can be seen that in both cases the major element is carbon, as expected. Oxygen is
also present, which confers the hydrophilic shift to the carbon surfaces. The C/O
ratios obtained through X-ray microanalyses of MSC3K-162 are approximately 45 and
68, for respectively, outside and cross side (inside) surfaces, while HF CM exhibited
much lower C/O ratios, 30 and 34 for, respectively, shell and bore sides. The lower
C/O ratios obtained for HF CM should be responsible for the higher hydrophilic
character of this material when compared to MSC3K-162. The hollow fiber
membranes also show the presence of residual chlorine. In fact, as written in
literature [8], the producer used HCl as catalyst for producing these carbon

membranes.
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Figure 2.17 — Microanalysis of a,) inside and a,) outside of MSCK-162 and b,) shell side and b,)
bore side of HF CM.

2.2.4.3. Water vapor adsorption Equilibrium

Experimental equilibrium data

Adsorption and desorption equilibrium data of water vapor in MSC3K-162 and HF CM
was obtained by the gravimetric method at 29.5 °C. The experimental values are given
in Figure 2.18; the graphics are plotted in terms of relative pressure, considering

41.27 mbar the saturated water vapor pressure at 29.5 °C.
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Figure 2.18 — Adsorption and desorption equilibrium of water vapor on a) MSC3K-162 and b)
HF CM at 29.5 °C. The filled circles correspond to adsorption values while empty ones are
related to desorption values.

Both materials present adsorption S-shaped equilibrium isotherms to water vapor, as
suggested in Figure 2.18. Despite some differences, the type V isotherms show a very
small hysteresis loop. The first slope shown for both isotherms a) and b) traduces the
adsorption of water molecules on primary sites [75, 76]. Here, vertical interactions
between the fluid and the surface occur. It is clear that HF CM present much higher
concentration of oxygenated groups on the surface of the carbon matrix due to the
significant adsorption at very low loading [75, 77, 78], which is in agreement with the
X-ray microanalysis. On the other hand, MSC3K-162 presents an almost negligible
adsorption in this range. Afterwards, the steepest part reflects the clusters formation,
where lateral interactions among water molecules take place. This rise up occurs
sooner for HF CM, around 0.3, and ends around 0.5, and later and sharper for MSC3K-
162 just after 0.4, ending even before 0.5. Finally the last flatten slope, reveals that
the micropore filling is limited to a finite amount. From this analysis it is seen that HF
CM presents a stronger hydrophilic behavior than MSC3K-162. This is in conformity
with the results shown in the previous sections concerning thermogravimetry analysis

and X-ray microanalysis, which indicated a higher C/O ratio in the MSC3K-162 sample.
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Semi-empirical and theoretical models

The description of experimental data related to water vapor adsorption on
carbonaceous materials has been performed by many authors. Each one of them
presumes a set of assumptions for the mechanism behind experimental data. Dubinin
and coworkers proposed the semi empirical models widely used to describe water
vapor adsorption equilibrium in carbons for its understanding [61, 64, 79-81].
However, these models demonstrate thermodynamic inconsistencies for very low
pressures, disrespecting the Henry law limit. Due to this limitation, the Dubinin
approach only successfully predicts some carbon-water systems. In this work, the
modified Dubinin-Astakhov equation proposed by Stoeckli to describe water vapor
adsorption in activated carbons has been used [79]. This modification results in the
contribution of two type isotherms: type |, describing the low pressure range of the
isotherm where adsorption on surface functional groups occurs and type V, for higher
pressures, accounting for adsorption in micropores. In the modified Dubinin-Astakhov

equation, the fitting parameters are: ¢, (7)and ¢, (V) respectively, the adsorbed
concentration related to the functional groups and in the micropores (mol kg™), E(1)

and E(V) the characteristic energies (kJmol) and » and n, describing the

heterogeneity of the system - see Table 2.8.

In 1996, Talu and Meunier [82] came up with a theory based on three assumptions: 1)
at low relative pressure the water molecules are primarily adsorbed on the surface at
oxygenated sites, 2) the adsorbed water molecules associate with each other via H-
bonding forming clusters and, finally, 3) at high relative pressures, the adsorption
volume is limited by the micropore volume, yielding a plateau. The proposed model
involves three parameters with physical meaning: H , the Henry’s law constant

(kPa kg mol™), &, the constant for cluster formation in the micropores (kg mol™), and

q,, the saturation capacity (mol kg') — see Table 2.8. This approach only predicts

water vapor adsorption for microporous systems, neglecting any condensation at
meso or macropore level.
In 2000, Malakhov and Volkov [83], developed a theory called “Cooperative

multimolecular sorption” (CMMS) to predict adsorption equilibrium of alcohols in a
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polymer. A couple of years later, Rutherford [84] proposed the use of this same
theory to describe water adsorption in carbons. Here a water molecule adsorbs onto
a primary site and promotes the adsorption of other two molecules forming a triad.
These adsorbed water molecules are called secondary sites allowing the association
of further water molecules forming dimers, trimers, etc. The original model is
characterized by four parameters which in the case of type V isotherm can be reduced

to a three parameter model also known as the Ising equation [85]. The parameters

are the adsorption capacity, ¢, (mol kg!), and the equilibrium constants for

adsorption on primary sites of the central and side units, respectively, k and k, - see

Table 2.8.

In 1999, Do and Do [65] developed a mechanism for describing water vapor
adsorption in activated carbon. This research resulted in a model that accounts for
water adsorption into functional groups located at the mesopores, called primary
sites, by means of H-bonding. These water adsorbed molecules are then assumed as
secondary sites, where other water molecules will adsorb also establishing H-bonds,
thus weaker than the first ones. The growth of this cluster formed by the association
of water molecules occurs up to an extent where a 5-molecule cluster is then

energetically sufficient to leave the “train” and adsorb onto hydrophobic carbon

micropore walls. The model parameters are: §;, (mol kg™), the concentration of
functional groups, K, the chemisorption equilibrium constant, ¢, (mol kg), the
saturation concentration of water in the micropores and K, the micropore

equilibrium constant — see Table 2.9. This work performed by Do and Do has inspired
many other authors who have modified this model. Neitsch et al. [76], introduced the
concept of a variable cluster size and consequently the addition of a parameter, m, to
account for this. This new parameter does not represent a fixed number of water
molecules, but an average number. This new model is called as “cluster formation
induced micropore filling” and will be named here as Do-CIMF. In 2005, in the scope
of a study performed on carbon molecular sieve membranes, Lagorsse et al. [71], also

reformulated the adsorption mechanism by Do and Do and proposed a mechanism

72



Comparative study between a CMS Membrane and a CMS Adsorbent

for desorption. The other main differences from the original model consist on
considering that the hydrophilic sites are concentrated at the micropores, instead of
at the mesopores, and that the nature of the H-bondings established between
primary sites-water and water-water is the same. Another difference is the number of
water molecules that form a cluster. Instead of 5-molecules like in the original work
by Do and Do, Lagorsse and coworkers proposed a 7-molecule cluster formation. The
clusters with enough dispersion energy detach from the hydrophilic sites to adsorb on

the hydrophobic walls. The five parameters of this model represent the concentration
of hydrophilic groups, S, (mol kg™), the H-bonding equilibrium constant, X, the
water adsorption capacity, g, (mol kg™) and the adsorption and desorption constants,
respectively, K and K, - see Table 2.9.

The models presented above were used to fit experimental adsorption equilibrium
data. Table 2.8 presents Dubinin-Astakhov, Talu-Meunier and CMMS equations and

Table 2.9 compiles Do-based equations.
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X Table 2.8 — Dubinin-Astakhov, Talu-Meunier and CMMS fitting equations and respective parameters for predicting adsorption equilibrium of water vapor.

Model Parameters
Dubinin-Astakhov (1/V) Sample a,(D/q,(Vy  EW/EWY) n [n,
MSC3K-162 1.79/5.26 2.46/1.81 29/84
9= 49 eXP[‘(A/Em)”‘ ] HF CM 2.17/4.65 2.64/4.98 16/4
oy eXp[‘(A/Em ) }
A=RTW(P/P) (6" order)
Talu and Meunier Sample H k q,
Pl L) T am am
1+ ky q, : : :
where y = “lr i+ dke (3" order)
2k
and ¢ =q,-q/(q,-q)
CMMS Theory Sample k, ke q,
i—q X e MSC3K-162 0.011 2.01 7.28
kox+w’ HF CM 0.183 2.68 7.46
(3" order)

1 .
w=—(1—k1x+q/(1—klx) +4k0x)
2

Z 491deyd
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Table 2.9 - Do-based fitting equations for predicting water vapor adsorption equilibrium and their parameters.

Models Parameters
Do and Do Sample Sy K, q, K,
> - MSC3K-162 0.001 0.03 7.28 27.2
K,an" K}AZx”
g= St g HF CM 0025 546 670 172
I+ K, Zx K!,”Z:G:x” * Zb:x (4th order) Cluster size =5 molecules
Do-CIMF Sample Sy K, q, K, m
e MSC3K-162 0.096 10.0 6.69 9604 13
K/an K
g=S5 =t +q u X HF CM 0.565 31.1 5.37 164 5
0 m+1 s m+1
" K x" +x
1+K, Zx . (5th order)
Lagorsse Sample Sy K q, K, K,
7 MSC3K-162 0.051 4.17 7.54 0.006 186
Kx)' 7
: E"( ) [1 K, (Kx) J HF CM 0956 264 684 0123 159
qatl& = 0 7 - 7 + 5 7
143 (ke N K, (Kx) 1+K, (Kx)
. n(Kx) Ky (5th order) Cluster size = 7 molecules
4, =S, 1-— :
) [ 1+de7j 1+de7

0 7
1+ (Kx)'
n=1
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The obtained fitting parameters are also given corresponding to the fitting curves

illustrated in Figure 2.19-Figure 2.22.

8
. Experimental
— — — - Dubinin-Astakhov g
—_— Talu-Meunier f.
6 e CMMS
J!
S ]
2 4
=
0.8 1.0

Figure 2.19 — Representation of water vapor experimental adsorption equilibrium values for
MSC3K-162 and respective theoretical fitting equations presented in Table 2.8.
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Figure 2.20 - Representation of water vapor experimental adsorption equilibrium values for HF
CM and respective theoretical fitting equations presented in Table 2.8.
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It is seen from Figure 2.19 and Figure 2.20 that the Dubinin-Astakhov equation with
type | and V contributions describes reasonably both water vapor equilibrium
isotherms in MSC3K-162 and HF CM. For the MSC3K-162 equilibrium line, the
Dubinin-Astakhov equation slightly shifts to the left the inflexion part of the isotherm
and underestimates the amount adsorbed; besides that, it seems to perform a good
fitting for relative pressures higher than 0.4. For HF CM, the model equation describes
well the whole range of relative pressure with the exception of the last two values,
really close to the saturation. From the fitting parameters obtained it is observed that
type | contribution is more significant for the HF CM than for the MSC3K-162.

The Talu and Meunier model better describes MSC3K-162 than HF CM, but in both
cases presents some deviations for relative pressures just before the first inflexion
zone.

The CMMS simplified to the Ising equation also provides a good approximation to

experimental data, though with a little underestimation at low pressures.
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0.0 0.2 0.4 0.6 0.8 1.0
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Figure 2.21 - Representation of water vapor experimental adsorption equilibrium values for
MSC3K-162 and respective theoretical fitting equations presented in Table 2.9.
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Figure 2.22 - Representation of water vapor experimental adsorption equilibrium values for HF
CM and respective theoretical fitting equations presented in Table 2.9.

It can be observed from Figure 2.21 and Figure 2.22 that the original model by Do et
al. [65] presents considerable deviations from the experimental equilibrium values for
both materials. This model, as mentioned before, is based on the fact that a cluster of
5-molecules is formed. However, this assumption does not reflect the reality of water
adsorption in MSC3K-162; the form of the curve suggests that clusters are formed by
more than just five water molecules. For HF CM, the major deviation occurs for low
relative pressures up to 0.3.

The modification to the Do model proposed by Lagorsse et al. [71] assumes a
heptamer and also a mechanism for desorption. However, this model considerably
deviates from the experimental data obtained for MSC3K-162. Concerning the HF CM,
the model seems to fit better the experimental data but still with some
misestimation: for low pressures the model underestimates the experimental data
and just before reaching the plateau the model overestimates the amount adsorbed
ending underestimating. The concept of a variable sized cluster introduced by Neitsch
et al. [76] in the Do-CIMF model seems to be a good attempt for describing the water
vapor adsorption in MSC3K-162 and HF CM materials. It does follow the shape of the

experimental curves for the entire range of relative pressures. As suggested by the
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experimental data, the water-clusters formed in the MSC3K-162 should be bigger
than the ones formed in the HF CM. It is believed that the higher concentration of
functional groups on the HF CM, suggested by the significant adsorption of water at
very low pressures, is traduced in the formation of smaller water-clusters. On the
other hand, the MSC3K-162 material exhibit a much lower concentration of

hydrophilic groups reflected in a lower water-adsorption up to P/P0 = 0.4, sharper

rise up of the water adsorption and formation of bigger water-clusters inside.

Mechanism for adsorption/desorption in CMS

The most significant water adsorption models concerning carbon molecular sieve
materials were reviewed in the previous section. Generally, these models present a
considerable number of parameters for what accurate experimental isotherms are
needed. In the present work, closely spaced experimental values were obtained to
assure that the water sorption equilibrium is well represented. Therefore, it was
possible to develop a more precise model; this model was derived following the work
by Do et al. [65] and Lagorsse et al. [71]. The main assumptions for the adsorption
mechanism of the model are:

e The water molecules are firstly adsorbed on the hydrophilic groups

presented on the material’s surface through H-bonding. The adsorption

equilibrium is traduced by an equilibrium constant, K ;

e When the first water molecule is attached to the hydrophilic group, other
water molecules may successively establish H-bonding with the previous
water molecule until a m sized cluster is reached. These equilibria are also
traduced by K, as they still reflect the establishment of H-bondings;
(different from Do et al. [1] who have considered that the equilibrium
constants for the water-hydrophilic group bonding and water-water bonding

are different.)

e The resulting cluster composed by m water molecules has enough

dispersion energy to be released from the hydrophilic group and adsorb on
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the carbon surface; (different from Lagorsse et al. [2] who consider that a

heptamer is formed.)

As referred in the first and second assumptions the equilibrium relations are traduced

by:

A+S == 4S

[45]
[4][5]

A+4, S ——= A4S

=[4S]=K,[4][S] (2.20)

_ [45] _
K, _m: [4,8]=K,[4][4,,5] (2.21)

=K"[A]' [S]forn=1,2,3,...
where 4 and S represent, respectively, a water molecule and hydrophilic site. The

overall concentration of hydrophilic sites, S,, in the micropores is the sum of the

0’

occupied and not-occupied sites, as follows:
S, =[S]+[A4S]+[4,S]+[4,S]+---+[4,5] (2.22)

The water complexes may be related to the adsorbed-gas phases partition through

the egs. (2.20) and (2.21):

Sy =[S1(1+ K, [A]+ K> [4] + K [4] +--+ K[ 4] )

= [S][1+ZK1" [A]"j

(2.23)

The concentration of water attached to the hydrophilic groups, w,, can be obtained

rearranging egs. (2.20), (2.21) and (2.23):
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w, =[AS]+2[4,S]+3[4,S]+---+n[A4,5]
= K, [A][S]+ 2K [A] [S]+3K. [4] [S]+--+nK,"[A]'[S]

~ (] nk," 4]

n=1 (2.24)
Z”Kln [4]
S n=l

0o «
1+ K"[4]
n=1

A water cluster attached to a hydrophilic group is released when it comprises m
water molecules. This m sized cluster has enough dispersion energy to detach from
the hydrophilic site and to adsorb on the hydrophobic carbon surface. The hydrophilic
sites rest then with n —m adsorbed water molecules or even with no water molecule

adsorbed, as given below:

kﬂ
A8 ? A, +A4, S forn=m

The available hydrophobic sites for water clusters to adsorb is given by (¢, —w, —c,),

where ¢, is the concentration of water adsorbed on the carbon surface of the

micropores. The velocities of adsorption and desorption are then given by:

0

r,= ka (qm -W, _Ca)Z[AnS] (225)

n=m

0

r=k,(c,) D [4,-0S] (2.26)

n=m

The system reach the adsorption equilibrium when », =r,:

0

() 2[4,..5]

K, =t = (2.27)
k

‘ (qm—wa—ca)g[AnS]
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where K  is the adsorption equilibrium constant that is related to the clusters
release from hydrophilic sites and consequent adsorption on the hydrophobic space.

Combining this equation with eq. (2.21), and solving it in order to c,, it comes:
K, K'[4]

ZK;’"“ [4] " +K,> K"[4]

n=m

c, :(qm —wa) (2.28)
The water concentration in the micropores, ¢, , can now be determined adding the

water amount attached to the hydrophilic sites and the water in the form of a clusters

adsorbed in the hydrophobic space:
(q,=w,+c,) (2.29)

Substituting now eq. (2.24) and (2.28) in eq. (2.29), it yields:

Z”Kln [A]n KaZKl" [A]n
9. =5, =

1_
0 © ) ©
1+ ZKI” [4]' Z K'""[4]™" +K, Z K'[4]
n=l n=m n=m
(2.30)

K2 K"4]
+q, — n=m

Z K"™"[4]" +K, Z K'"[4]

n=m n=m

Eg. (2.30) gives the adsorption equilibrium isotherm of water in the micropore
volume of carbon molecular sieve materials.

The mechanism for water vapor desorption proposed considers, in analogy with the
work by Lagorsse et al. [71], that the clusters have to dissociate into separate
molecules. The difference to these authors is that they had considered a heptamer
and the present model considers a cluster of size m:

ha g
Am (k— mA
d
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The adsorption and desorption rates, during the desorption process, are given by:

=k, ¢ (2.31)

ry =k (g, —w, —Cd)[A]m (2.32)

where (g, —w, —c,) is the available adsorption capacity and ¢, =m[4,]. At the

m

equilibrium the adsorption and desorption rates become equal:

__ [T

— _ —w, (2.33)
K, +[4]" (g, =w2)

d

K, =kk, (2.34)
where K, is the equilibrium constant for clusters’ dissociation into separate
molecules.

From egs. (2.20), (2.21) and (2.24) the water concentration attached to the
hydrophilic groups, w,, during desorption is:

0

Z”Kln [4]

W, =w, =8, ——
+ 2K [4]
n=1

The total adsorbed concentration of water in the micropores during desorption is

(2.35)

then expressed by:

q,=w,+c¢, (2.36)

Substituting eq. (2.24) and (2.28) in eq. (2.35), it yields:

D nK"[4] [A]" [4]"

— n=l1 — R S R
1+ K [4]' K +[4] K, +[4]

n=1

(2.37)
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Rewriting now eq. (2.30) and (2.37) in terms of relative pressure, x, and considering
that x=K 4, andK = K", the adsorption and desorption branches of the water

isotherm are given by:

Adsorption:
inx” Kaix" Kaix"
9, =S| l-— | " (2.38)
1+Zx” Zx””" +KaZx” ZX”’”’ +KaZx”
n=1 n=m n=m n=m n=m
Desorption:

2 (&) ), (&

" K, +(Kx)"

(2.39)

The proposed model has four parameters to describe the adsorption branch:

S,, g, K, and m, and requires additionally two more parameters: K and K, for

describing the desorption branch. Parameters §;, ¢, and m are the same for both

adsorption and desorption branches. The model follows the Henry law for low

pressures: limg ~ S x .

x—0

This model was used to fit the water vapor equilibrium data for MSC3K-162 and HF
CM, minimizing the sum of the square differences — Figure 2.23 and Figure 2.24. As a
first estimative, the adsorption capacity obtained experimentally for a relative

pressure near the saturation was used as the total adsorption capacity, ¢

m*
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Figure 2.23 - Water vapor experimental adsorption and desorption equilibrium values for
MSC3K-162 and respective fitting, eqgs. (2.38) and (2.39).
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Figure 2.24 - Representation of water vapor experimental adsorption and desorption
equilibrium values for HF CM and respective fitting, egs. (2.38) and (2.39).

The fitting parameters obtained for MSC3K-162 and HF CM are given in Table 2.10.
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Table 2.10 — Fitting parameters of the proposed model of the experimental water vapor
adsorption and desorption equilibrium data on MSC3K-162 and HF CM.

Fitting parameters, egs. (2.38) and (2.39)

S, q, K
1 -1 Ka d | k -1
(molkg™)  (molkg™) (mol kg™)
MSC3K-162 0.66 7.16 7420 129 3.00 13
HF CM 431 6.45 133 28 4.07 6

It was previously mentioned that the cluster formation around hydrophilic sites is
shifted to higher relative pressures in the case of MSC3K-162. As suggested by Do et
al. [86] in their recent work reporting water vapor adsorption in activated carbon, the
larger the cluster, the slower the onset of adsorption with a consequent quicker
increase in the amount adsorbed. This fact is in agreement with the parameters found

for the proposed model, Table 2.10, namely the 13-water molecules cluster and the

greater value of K  obtained for MSC3K-162. On the other hand, the higher

adsorption values for very low pressures in HF CM reflect the gentler but sooner rise
in the isotherm; a cluster of 6 water molecules was obtained from the fitting model,
which is significantly smaller than for MSC3K-162. It seems that the higher the
concentration of hydrophilic groups, the smaller the water cluster.

It is also seen that both MSC3K-162 and HF CM isotherms present just a little
hysteresis, already attributed to the different mechanisms of adsorption and
desorption. This behavior is less pronounced in the case of the membranes, probably
due to the formation of smaller clusters that impairs the dissociation into individual
water molecules. On the other hand, the larger cluster formed in the adsorbent

should be more easily divided into individual water molecules.

The adsorbed water density d, obtained by fitting the proposed model to the

experimental datais d, =0.69 g cm” for both MSC3K-162 and HF CM, cf. Table 2.11.

In the literature, and concerning microporous carbonaceous materials, different
water adsorbed density values can be found, ranging from 0.57-0.66 g cm™ [71], 0.81-
0.86 g cm™ [87], 0.9 g cm™ [77] up to 0.92 g cm™ [67, 88]; the value obtained in this

work is then within the density range found in the literature.
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Table 2.11 — Water density, d_, inside micropores assuming that it fills the overall micropore

volume, WMO2 .
3 -1 -
Wi co, (cm kg™) d, (gcm?)
MSC3K-162 185.7° 0.69
HF CM 168.7° 0.69

a) Previously reported in Table 2.4.

These densities were determined under the assumption that water fully fills the
micropore volume. Carrott [89], and later Lagorsse et al. [71] stated that the different
values of micropore volumes obtained from water data are due to the impossibility of
a water cluster to enter pores with sizes close to the dimension of just one water
molecule. A water molecule can pass through constrictions but it will only adsorb in
the form of a cluster at a certain minimum pore width capable of comprising a cluster.
A cluster of 13-water molecules and 6-water molecules for respectively, CMS
adsorbent and CMS membrane will only fit pores larger than the cluster size. In fact, if
the density of water in the adsorbed state is considered to be 0.92gcm?, as
proposed by Alcaniz-Monge et al. [88], then the micropore volume obtained would be
inferior to that obtained from CO, adsorption. This is an indication that there might

be pores, smaller than the cluster sizes, which are not filled with water vapor.

2.2.4.4. Kinetics of water vapor adsorption

Together with adsorption equilibrium data, the kinetics of water adsorption may
provide important information about the materials under study. Kinetics can in fact
help understanding the adsorption mechanism.
There is a lack of information in the literature concerning the kinetics of water vapor
adsorption in carbon molecular sieve materials. Most cases consider a linear driving
force (LDF) model [60, 66, 78, 90-92]:

F=1-¢" (2.40)

where F is the fractional uptake, ¢ is the time and & is the LDF rate constant.
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Uptake curves of water vapor have been determined for MSC3K-162 and HF CM, at
29.5 °C for the entire range of relative pressures. Figure 2.25 shows an example of
uptake curves for MSC3K-162 and HF CM, at respectively 0.58 and 0.35 relative
pressure. The LDF model represents accurately the experimental data for the relative
pressures shown. Similar results were obtained for all the pressures studied. The
dependence of the LDF rate constants with the relative pressure is shown in Figure

2.26.

MSC3K-162
x=0.58

1000 2000 3000 4000

t/s
Figure 2.25 - Uptake curves for water vapor on MSC3K-162 and HF CM at 29.5 °C. The circles
represent the experimental values and the line the LDF fitting.
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Figure 2.26 - LDF rate constants as a function of the water vapor relative pressure at 29.5 °C
for MSC3K-162 and HF CM.
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As suggested in the previous section, the primary sites are responsible for the
strongest interactions with the water molecules. Nevertheless, it is known that
depending on the nature and number of the functional groups, which are primary
water adsorption sites, interactions can be more or less strong, leading to different
rates of adsorption [91]. In agreement with this, both materials show high adsorption
rates at low relative pressures, cf. Figure 2.26. In addition, these values are higher for

HF CM than for MSC3K-162. Back to Figure 2.18, the first legs of the S-shape curves
for adsorption correspond to the highest rates of adsorption: P/P0 < 0.4 for MSC3K-
162 and < 0.2 for HF CM. Afterwards, the steepest parts of both isotherms, in the

relative pressure range of 0.4-0.6 for MSC3K-162 and 0.2-0.45 for HF CM, are related

to the cluster release from the hydrophilic sites, corresponding to the minimum rate
of adsorption. Finally, for P/PO > 0.6, the clusters released from the hydrophilic sites,
in the MSC3K-162, adsorb on hydrophobic walls with no increase in the adsorption

rate. From the equilibrium isotherm, for P/P0 > 0.6, the plateau for adsorption is

almost attained. On the other hand, for P/PO = 0.45-0.8, HF CM presents an increase

in the adsorption rate associated to the stage of cluster adsorption in hydrophobic
carbon. This particular behavior is probably associated to the cluster size, which is
also related to the concentration of hydrophilic sites. HF CM originates an average of
6-water molecules per cluster, while MSC3K-162 originates an average of 13-water
molecules per cluster. In the latter case, the cluster might probably face a greater

blocking or difficulty entering the pores, caused by other water clusters [60, 85].
Finally, for P/P0 > 0.8, HF CM presents a decrease on the adsorption rate. This may

be justified by the complete surface coverage by water molecules, as suggested by

others [60, 90, 91].

2.2.5. Conclusions

Water vapor adsorption and desorption equilibrium isotherms were determined and
compared for a carbon molecular sieve adsorbent, MSC3K-162, and a carbon hollow

fiber membrane, HF CM. Both materials exhibited a type V behavior, with a well
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defined S-shaped curve. Since these are carbonaceous materials, the water vapor
adsorption is attributed to the existence of oxygenated functional groups, where
water molecules firstly adsorb [61, 64]. The X-ray microanalyses confirmed the
existence of oxygen in addition to carbon. In fact, up to relative pressures of 0.3 and
0.4, respectively for HF CM and MSC3K-162, it is considered that adsorption around
hydrophilic groups occurs. The second and steepest part of each isotherm occurs in
the range of 0.2-0.45 and 0.4-0.6 relative pressures for respectively HF CM and
MSC3K-162. At this stage, the cluster has enough dispersion energy to be released
from the functional groups and to adsorb on hydrophobic space or carbon walls.
Finally, the last plateau represents the filling up of pores with water clusters. It was
also conclude that HF CM has a greater hydrophilic character than MSC6K-162. This
was sustained by TG analyses, which showed a larger content of heteroatoms for HF
CM, and by the significant adsorption at very low pressures.

Several models were applied to fit adsorption experimental data. The model by Do et
al. [65], considering a cluster of 5 water molecules, did not describe well the
experimental data for MSC3K-162, suggesting that a different cluster size should be
considered. The model developed by Lagorsse et al. [71] to describe both adsorption
and desorption branches, considering a cluster of 7 molecules, was also unsuccessful.
A new model was developed, as an extension of the previous two models. It describes
the adsorption and desorption branches and assumes that clusters of a generic size
m are formed. This model fit the experimental results quite well for both materials.
The adsorption kinetics was assessed for both carbon molecular sieves and was well
described by a LDF model. The different adsorption rate intervals obtained were

related to the distinguishable stages of the adsorption isotherms.
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Chapter 3 - Preparation and Characterization
of CMSM

3.1. Influence of pyrolysis parameters on the
performance of cmsm’®

3.1.1. Abstract

Carbon hollow fiber membranes have been prepared by pyrolysis of a P84/S-PEEK
blend. Proximate analysis of the precursor was performed using thermogravimetry
(TGA) and a carbon yield of approximately 40 % can be obtained. This study aimed at
understanding the influence of pyrolysis parameters - end temperature, quenching
effect and soaking time - on the membrane properties. Permeation experiments were
performed with N,, He and CO,. Scanning electron microscopy (SEM) has been done
for all carbon hollow fibers. The highest permeances were obtained for the
membrane submitted to an end temperature of 750°C and the highest ideal
selectivities for an end temperature of 700 °C. In both cases, the membranes were

guenched to room temperature.

3.1.2. Introduction

Carbon molecular sieve membranes (CMSM), pioneered by Koresh and Soffer in the
80’s, are a very recent research topic in the area of gas separation. These inorganic
materials present great advantages over polymeric membranes, since they have
comparatively high permeabilities and selectivities, together with high thermal and

chemical stability [1-4]. The main applications for this type of membranes are, among

:M.C. Campo, T. Visser, K. Nijmeijer, M. Wessling, F.D. Magalhdes, A. Mendes, Influence of
Pyrolysis Parameters on the Performance of CMSM, International Journal of Chemical
Engineering 2009 (2009) 1-7.
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others, air separation, landfill gas recovery, olefin/paraffin separation, hydrogen
recovery and natural gas processing.

Carbon membranes are produced by pyrolysis of a polymeric precursor under an inert
atmosphere [1, 3]. The main precursors mentioned in literature are, among others,
polyimide, polyfurfuryl alcohol polyacrylonitrile, phenolic resins and cellulose [3].
Theprecursor material should have a high carbon yield and be thermosetting [2]. To
further improve the separation capacity of CMSM, some authors have functionalized
the carbon matrix by adding metals with affinity towards one of the permeating
species [5]. This strategy was followed by Barsema et al. [6, 7]. These authors used a
blend of P84/Ag-S-PEEK to produce flat sheet carbon membranes and determined the
influence of Ag on the membranes’ separation performance. However, the influence
of the pyrolysis end temperature, soaking time or cooling procedure was not
assessed. In the present work, a P84/S-PEEK blend is used for the first time as a
hollow fiber precursor for preparing carbon membranes and to study some of the
pyrolysis parameters on the final performance. The hollow fiber configuration
provides higher mechanical stability than flat sheet membranes.

The preparation of CMSM should be directed towards the tailoring of the final
carbonaceous micropore network. The influence of the pyrolysis parameters and
complementary treatments used for producing the final carbon membranes should be
studied in order to better suit a certain application [1, 8]. Examples of these
complementary treatments are pore closing by carbon vapor deposition using a
carbon-containing source, or pore widening by activation under an oxidative
atmosphere [3, 9-11]. The temperature programs followed in the pyrolysis, the
cooling steps and the gas atmosphere employed, are all important aspects that have
to be studied and optimized according to the selected precursor, having in mind the
final application.

CMSM have two major disadvantages that still have to be overcome: mechanical
brittleness and aging effects [4, 12]. Aging is caused by oxygen chemisorption on the
carbon surface, which reduces the membrane performance due to reduction of pore
size [12]. The presence of oxygenated functional groups on the surface of CMSM was

reported by other authors [12-14]. The resulting adsorption of species with affinity to
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these oxygenated functional groups, such as CO, may also contribute to this fact [15].
When the feed mixture is humidified, the oxygen content on the carbon matrix may
lead to the adsorption of water vapor, which may block the passage of other species
[16]. In this work the use of P84/S-PEEK hollow fibers is suggested for overcoming
these problems. Evidences of aging effects will also be looked for in carbon

membranes out of this precursor.

3.1.3. Experimental
3.1.3.1. Materials and Precursor preparation

The precursor asymmetric hollow fiber membranes were prepared from a blend of
3.5 wt% S-PEEK and 96.5 wt% P84. P84 (BTDA-TDI/MDI) is a commercial available co-
polyimide from Lenzing and S-PEEK is a custom made polymer obtained by
sulphonation of poly (ether ether ketone) (PEEK, Victrex). A few % of S-PEEK in the
blend introduces additional hydrophilicity and may help suppressing macrovoids in
spinning fibers. The P84/S-PEEK hollow fibers were obtained by the dry/wet phase
separation process using spinning technology. For this purpose the dope used
consisted of 71 % of NMP (N-methyl-pyrrolidone, Merck 99 %), and 18 % P84/S-PEEK
blend. Additives were 6 wt% polyvinylpyrrolidone (PVP K90, Acros) and 5 wt% glycerol
(Merck > 99 %) and the coagulant medium was tap water. In order to induce pore
formation on the inside and outside skin, a bore and shell liquid were used with 80/20
and 90/10 wt% NMP/H,0, respectively. An air gap was used of 20 mm and the fibers
were spun at room temperature. More details about the spinning process can be

found elsewhere [17, 18].

3.1.3.2. Thermogravimetric analysis of precursor

The precursor used in this study was a co-polyimide P84/S-PEEK blend. The
thermogravimetric proximate analysis performed is a method developed by Ottaway
[19] to determine the moisture, volatile matter, fixed carbon and ash contents of a
sample. The heating procedure consists on rising the temperature at 25 °C min™

under nitrogen, with dwelling times at 50 °C and 110 °C (10 and 7 min, respectively)
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and at 950 °C (9 min under nitrogen plus 11 min under oxygen). After the first dwell at
110 °C, humidity is removed. Up to the second dwell, under nitrogen, volatile matter
is released. Finally, after 11 min under oxygen at 950 °C, all the fixed carbon is lost,
yielding ashes, if existent.

The proximate analysis of the precursor was performed in a Netzsch TG 209 F1 Iris

thermogravimetric balance.

3.1.3.3. Fabrication of carbon hollow fiber membranes

The pyrolysis occurred inside a quartz tube installed in a Carbolite® TZF 12/100 High
Temperature Tubular Furnace with a Eurotherm 2408 CP temperature controller,
under a 50 mly min™ nitrogen atmosphere. The hollow fibers were supported on a
stainless steel grid and introduced into the furnace with a cane as illustrated in Figure

3.1.

— PURGE
N FC = —
2 ]

/A

Figure 3.1 - Scheme of the pyrolysis set-up.

The temperature program employed is based on a program developed by Barsema et
al. [6, 20] and shown in Figure 3.2. The membranes were heated from room
temperature up to 150 °C at 50 °C min™, remaining 15 min at this temperature. This
step allowed the removal of any possible adsorbed water or residual solvents.
Thereafter, the membranes were heated up to 350 °C at 5 °C min. The heating rate
up to the final temperature was then 1 °C min™". This low heating rate prevents cracks
from occurring during the formation of the carbon matrix. After achieving the
maximum temperature of pyrolysis, here designated as end temperature, the
membranes were submitted to quenching or to natural cooling. In some cases, they

were kept at the end temperature for a certain time before cooling (soaking step).
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The main differences from Barsema’s protocol relate to the end temperature,
guenching procedure and soaking time.

The quenching consisted on fast cooling inside a jacketed container, refrigerated with
cold tap water, under nitrogen. “No” quenching means that the sole driving force for
cooling was the temperature difference between the inside of the furnace and the
surrounding room atmosphere. The transfer of the carbon hollow fibers from the
furnace into the quenching container was performed as fast as possible, in order to
minimize air exposure. Afterwards the membranes were stored in a box flushed with

nitrogen.

900

750°C 4
800 .
700°C T - T
700 2"
600 -
© 500 |
°
400
300 |
200
100 -
0 ; ; ; i T
0 100 200 300 400 500

t/ min
Figure 3.2 - Heating procedure to prepare carbon membranes based in literature [6, 7].

The influence of a final step — soaking time — in which the oven end temperature was
kept constant for 2 h before quenching was also analysed.

These two steps, soaking and quenching, may probably lead to microstructural
rearrangements, affecting the pore size distribution and, consequently, the
membrane selectivity.

Table 3.1 shows the identification of each carbon membrane prepared, concerning its

pyrolysis’ parameters.
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Table 3.1 - Identification of the samples and pyrolysis’ parameters.

Sample Teno (°C) Soaking time (h) Quenching
HF-700-A 700 0 Yes
HF-700-B 700 0 No
HF-750-A 750 0 Yes
HF-750-B 750 0 No
HF-800-A 800 0 Yes
HF-800-B 800 0 No
HF-700-ST2h 700 2 Yes

3.1.3.4. Scanning electron microscopy

All samples identified in Table 3. were characterized by means of scanning electron
microscopy (SEM) using a JEOL JSM 5600 LV SEM; the fibers were fractured and the
cross sections analyzed. All the samples were previously sputtered with gold using a
Balzers Union SCD 040 to allow better conductivity for SEM. Through the pictures
taken it was possible to measure the thickness, ¢ , of the selective layer located in the

fiber bore side, the inner and outer diameter of each fiber, D, and D, ,, and

out
consequently the wall thickness, /. This information, together with the length of the
carbon hollow fiber, L, allowed the calculation of the effective area of the selective

layer of the membrane, 4, .

3.1.3.5. Permeation

After pyrolysis, the resulting carbon membranes were assembled in a module. Figure
3.3 illustrates the membrane module, where it is evidenced that feed circulates on
the shell side, whereas permeate is removed from the bore side. These individual
modules were then connected to a stainless steel housing which was introduced in a

temperature controlled cabinet.
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Figure 3.3 - Scheme of the membrane module.

The permeation experiments were conducted at 30 °C, using a pressure increment
method. The several carbon membranes were tested towards N,, He and CO,. All the
modules were submitted to 2 bar feed pressure on the shell side whereas vacuum

was applied from the bore side. Here, ideal gas behavior was assumed and, hence, the

monocomponent permeance, P/ﬁ was calculated according to eq. (3.1),

£: Ve Uy (pzt_plo) (3.1)
l fRTtAm(ph—p,)

where V, is the volume of the tank where the permeate is collected, p, and p, are
respectively, the permeate pressure and the feed pressure, A4, is the effective area of
the fiber, T is the absolute temperature, v,, is the molar volume of the gas, R is the

gas constant, and ¢ is the time. The ideal selectivity a/ for a certain pair of gases i
J

and ; is obtained from eq. (3.2),

a —5 (3.2)
)i P '

where P and Pj are the permeabilities of species i and j, respectively.
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3.1.4. Results and Discussion
3.1.4.1. Thermogravimetry

Proximate analysis is normally performed in order to determine the percentage of
humidity, volatile matter, fixed carbon and ashes [19]. The most important variable in
this study is the yield of fixed carbon. This percentage accounts for the carbon
content of the final carbon membrane. Higher fixed carbon content indicates that the
resultant membranes have the potential to become mechanically more stable. Yields
of fixed carbon are usually in the range of 25-50 %, depending on the precursor
material [21]. Figure 3.4 presents the results of the proximate analysis. The
normalized sample mass is represented as a function of time and the heating
procedure is referred to the secondary axis. The yield of fixed carbon is determined
from the difference between the final mass and the mass at 63 min, being
approximately 40 %. In the literature some polymers are reported to have carbon
yields of almost 60 % [22]. However, the result of 40 % for P84/S-PEEK blend can still
be considered quite good. Probably due to the high P84 content in the blend, this
value is similar to those reported in the literature for P84 alone [20, 23].

It is known that S-PEEK and P84 have different thermal stabilities, but it is difficult to
distinguish the precise contribution of each component for the shape of the
thermogravimetric curve. Nevertheless, the first slope around 200 °C should be
caused by the degradation of the sulphonic acid group present in S-PEEK. Around
400 °C, a new slope is observed, due to the degradation of P84 [23]. Since the
polymeric chain of S-PEEK decomposes at about 550 °C, this might be the cause for
the final slope [24].
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Figure 3.4 - Typical sample mass and temperature histories during proximate analysis
procedure.

3.1.4.2. Scanning electron microscopy

SEM pictures were taken to compare the structures of the different samples. The
pyrolysis operating variables, such as, end temperature, soaking time and natural
cooling procedure, have affected the dimensions of all studied fibers. Besides that, no
other considerable changes are observed through SEM. Figure 3.5 provides an

example of micrographs taken for sample HF 700B. This membrane was pyrolysed up

to 700 °C and naturally cooled.

aill

NS 54

Figure 3.5 - SEM pictures from HF 700 B carbon oIIow

e ol

fiber membrane cross sections: a)
global view, x150 magnification, b) inner view, x2500 magnification and c) inner view, x10 000
magnification.

In Table 3.2 the dimensions of all carbon membranes studied are summarized.

109



Chapter 3

Table 3.2 - Characteristics of the carbon membranes.

in Dout fw g L Am

Sample

(um)  (um)  (pm) (#m)  (ecm)  (cm?)
HF-700-A 401 600 199 32 69 087
HF-700-B 397 58 190 31 64  0.80
HF-750-A 386 58 197 28 64 078
HF-750-B 387 570 183 2.8 7.5 0.91
HF-800-A 366 562 196 27 53 061
HF-800-B 356 53 180 29 63  0.70

HF-700-ST2h 397 585 188 2.8 5.4 0.67

It is seen that an increase in the pyrolysis end temperature originates a decrease of
the inner and outer diameters of the fibers. This fact is sustained by the results of the
proximate analysis, presented in Figure 3.4, which show that between 700 up to
800 °C mass loss still occurs, as volatile matter is still being released. It is during this
stage that heteroatoms are set free that the pore network is created. Also in Table
3.2, but regarding the A/B pairs pyrolysed at the same end temperature but with
different cooling procedures, it is noticeable that the non-quenched membranes have
lower diameters. This may be related to higher mass loss and rearrangement of the
carbon matrix occurring during the slow cooling. In agreement with these results, the
membrane kept for 2 h at 700 °C before quenching (HF-700-ST2h) shows smaller

dimensions than the one quenched with no soaking time (HF-700-A).

3.1.4.3. End temperature effect

The effect of the end temperature on the performance of carbon hollow fiber
membranes can be studied by determining single component permeances. Table 3.3
lists permeances and ideal selectivities for samples pyrolysed up to 700, 750 and

800 °C towards N,, He and CO,.
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Table 3.3 - Effect of end temperature on the permeance of carbon hollow fibers.

Permeance ..
(10% x m?y m? kpa s) Ideal Selectivity
Sample N, He co, CO,/N, CO,/He He/N,
HF-700-A 9 107 153 18 15 12
HF-750-A 28 176 416 15 2.4 6.4
HF-800-A 14 97 144 10 15 7.0

These results are plotted in Figure 3.6.
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Figure 3.6 - Permeation data of carbon membranes prepared up to 700, 750 and 800 °C:
& - Ny, x-Heand A -CO,.

These results show that the membranes prepared up to 750 °C display the highest
permeance towards all the species studied. For all the membranes, the species with
lower permeance is N,, the species with larger size (Lennard-Jones kinetic diameter
0.364 nm). On the other hand, CO, has higher permeance than He, despite its larger
kinetic diameter (0.33 nm and 0.26 nm, respectively). However, it is known that CO,
has high adsorption affinity towards carbon matrixes, in opposition to He, which
mostly does not adsorb. It is being assumed that adsorption plays a significant role in
the mass transport mechanism through these membranes: molecular sieving

combined with surface diffusion.
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The highest ideal selectivity values are achieved for an end temperature of 700 °C.
The increase in permeances observed for all species when the temperature increases
up to 750 °C, might indicate that the total pore volume has increased, in the sense
that more path ways are created enhancing the transport of the species. On the other
hand, the decrease in selectivity for the pairs CO,/N, and He/N, suggests that the
mean pore width is also increasing, which impairs the sieving effect. At 800 °C end

temperature sintering mechanisms explain the decrease in permeances [2, 10, 25].

3.1.4.4. Quenching effect

In this study, as previously mentioned, it was intended to analyze the permeance
dependency on the way membranes are cooled from the pyrolysis end temperature

down to room temperature.

Table 3.4 summarizes the permeation data and ideal selectivities of the membranes

obtained at different end temperatures - 700 up to 800 °C.

Table 3.4 - Quenching effect on the permeance of carbon hollow fibers.

Permeance ..
(10_8 x m?, m? kpal s9) Ideal Selectivity
Sample Quenching N, He CcO, CO,/N,  CO,/He He/N,
HF-700-A Yes 9 107 153 18 15 12
HF-700-B No 5 84 66 14 0.8 18
HF-750-A Yes 28 176 416 15 2.4 6.4
HF-750-B No 16 116 236 14 2.0 7.1
HF-800-A Yes 14 97 144 10 15 7.0
HF-800-B No 8 44 119 16 2.7 5.8

For each end temperature, the quenched membranes show larger permeances over
the ones that were slowly cooled. This qualitatively indicates that the total pore
volume created during the heat treatment is maintained when the membrane is

quenched. On the other hand, slow cooling allows for structural rearrangements of
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the carbon graphene layers, leading to pore narrowing. In the case of the carbon
membranes prepared at 700 °C, the He/N, selectivity is higher for the naturally cooled
membrane. Furthermore, the fact that the CO,/He selectivity turned smaller than
unity indicates that the pore width has decreased together with the pore volume,
revealing the onset of a molecular sieving effect towards CO, It is also observed that
the highest permeances were generically obtained when the membranes were
quenched just after reaching 750 °C. For 750 °C, the quenching effect essentially
affected the permeance but not the selectivities. Concerning the membranes
prepared at 800 °C, the selectivities have decreased with quenching, except for the
pair He/N,. The pore volume and the pore width are disfavoring the permeation of

the more adsorbed species, i.e. CO, and N,.

3.1.4.5. Soaking time effect

The soaking time consisted on keeping the membranes at the end temperature for a
certain time interval, just before quenching. The effect of such a soaking time on the

performance of carbon membranes is presented in Table 3.5.

Table 3.5 - Effect of soaking time on the permeance of carbon hollow fibers.

Permeance ..
8. 3 2y o4 1 Ideal Selectivity
(10°xmym“kPa"s™)
Sample N, He Cco, CO,/N, CO,/He He/N,
HF-700-A 9 107 153 18 1.5 12
HF-700-ST2h 16 134 180 11 1.3 8.2

In this case, from Table 3.5, all the permeances are enhanced by the existence of a
final isothermal step at 700 °C end temperature, but all the selectivities are lower. In
fact, it can be seen in Figure 3.4 that mass loss is still occurring at this temperature. By
keeping the membranes at 700 °C for 2 hr, pores are enlarged, but this causes a
decrease in selectivity. As expected, this decrease is more accentuated for pairs

CO,/N, and He/N,, since the larger molecule N, is more easily penetrating the pore
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network. Once again, higher permeances allied to lower selectivities might be an
indication that the total pore volume has increased together with the mean pore

width.

3.1.4.6. CO, exposure

After exposure to CO,, a check run was performed with N, to assess any possible
decrease in the membranes permeances. The presence of oxygenated functional
groups on the surface of CMSM was reported by other authors [12-14] and the
studies done in the scope of this work were to confirm the presence of such groups.
CO, is electron-deficient and thus acts as a Lewis-acid [15]. Although the membranes
are essentially carbon, there may be some oxygenated groups on the surface [26],
acting as a Lewis-bases and enhancing interactions with CO,. Hagg et al. [13] has
shown that CO, could plug pores leading to a decrease in permeances and suggested
regeneration procedures at 200 °C under inert atmosphere. Nevertheless, in the
present work the experiments showed no loss in permeance due to CO, exposure.
The permeance of N, after CO, exposure matched the one obtained when the
membrane was virgin or fresh. This means that, if those oxygenated groups do exist in
the carbon matrix, they do not interfere with the membrane’s performance which
means that carbon membranes done from this precursor have that advantage over

the others.

3.1.5. Conclusions

The pyrolysis parameters studied influence the characteristics of the resulting carbon
membranes. The highest permeances were obtained for the membranes submitted to
an end temperature of 750 °C and to quenching. The highest ideal selectivities were
accomplished for the membrane submitted to 700 °C and also to quenching. It was
also concluded that the existence of a final soaking time, after reaching the end
temperature, just before quenching, improved the permeance of the carbon
membranes, but causes a decrease in selectivity. Furthermore, it was observed that

the membranes quenched after reaching the end of the process revealed higher
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permeances than the ones naturally cooled. No decrease in the performance of the

membrane due to CO, exposure was observed.

3.1.6. Acknowledgments

The work of Marta Campo was supported by FCT, grant SFRH/BD/23833/2005. The
funding provided by FCT within research project POCI/EQU/60246/2004 is

acknowledged.

115



Chapter 3

3.2. Carbon molecular sieve membranes from cellophane
4
paper

3.2.1. Abstract

Carbon molecular sieve membranes (CMSM) were successfully prepared from
cellophane paper by one single pyrolysis step. The influence of pyrolysis parameters
on the membranes’ structure, morphology and performance were examined through
scanning electron microscopy, X-ray microanalysis, X-ray diffraction and single
component permeation experiments towards He, H,, Ar, N,, CO,, O,, CH, and water
vapor at 29.5 °C. The pyrolysis end temperature was allowed to change from 450 up
to 850 °C and the soaking time from 60 to 480 min at 550 °C. The permeabilities
reached a maximum for CMSM heated up to 550°C, without significantly
compromising selectivities. The soaking time at this temperature led to pore closing
and, consequently, decrease in permeability and an enhancement in selectivity. These
membranes were also considerably permeable to water vapor (1000 barrer), and very
selective concerning H,O/CH, (& =921-7518) and H,0/N, (a =364-9936)
separations. No aging effects were observed due to oxygen or water vapor exposure.
The permselectivities of the CMSM prepared up to 550 °C overtook the Robeson
bound for polymeric membranes, especially regarding O,/N, (a =13-18), H,/N,,

H,/0,, H,/CH, and H,/CO, separations.

3.2.2. Introduction

The use of membranes for gas separations has seen significant developments in the
past few decades. When compared to other processes, like cryogenic distillation,
alkanolamines absorption or condensation, membrane technology shows advantages,
such as: no need for phase change, lower implementation complexity and simplicity in
scale-up [27]. Nowadays, the main gas separations involving membranes are:

recovery of nitrogen from air, separation of hydrogen from nitrogen in ammonia

4 M.C. Campo, F.D. Magalhdes, A. Mendes, Carbon molecular sieve membranes from

cellophane paper, J. Membr. Sci. (2010), doi:10.1016/j.memsci.2009.1012.1026.

116



Preparation and Characterization of CMSM

plants or from hydrocarbons in petrochemistry and carbon dioxide and water removal
from natural gas [27]. Polymeric membranes are the most used in such industries.
However, they can only operate under mild chemical and thermal conditions. On the
other hand, inorganic membranes show improved chemical and thermal stability, can
operate under larger pressure gradients and exhibit promising permeabilities and
selectivities, despite having a less favorable surface to volume ratio and being more
expensive and fragile.

The particular interest on carbon molecular sieve membranes (CMSM) for gas
separation started back in the 80’s with the work of Koresh and Soffer [1, 28]. The
research on carbon molecular sieve adsorbents inspired these authors to prepare
carbon membranes with molecular sieving properties by controlling and adjusting
sequential steps of carbonization, activation and sintering [28], leading to the creation
of an adjustable narrow pore size distribution. These carbon membranes present a
porous structure where the permeation mechanism is a result of molecular sieving
(pore range 0.3-0.5 nm) and/or a surface diffusion (0.5-0.8 nm). The molecular sieving
mechanism occurs when smaller permeants are allowed to pass through narrow
constrictions rather than larger permeants which cannot pass; the surface diffusion,
on the other hand, is based on the selective adsorption/diffusion of permeants on the
carbon walls — those which adsorb and diffuse the most will preferentially cross the
membrane, in detriment of the more weakly adsorbable and slow permeants. These
membranes result from high temperature treatments of a polymeric precursor
membrane. The most reported precursors have been polyimides, polyfurfuryl alcohol,
phenolic resins, cellulose, etc. [3]. Koresh and Soffer began their work by preparing
CMSM for air separation from a cellulosic precursor [29]. Almost 10 years later, Rao
and Sircar [30], obtained nanoporous carbon membranes from poly(vinylidene
chloride) that could efficiently separate hydrocarbons from hydrogen. In 1994, Jones
and Koros [31] prepared hollow fiber carbon membranes based on polyimide
precursors with good productivity for air separation. In the following years several
other researchers continued using polyimides to further understand the heat
treatment parameters and improving the performances of CMSM. Good results

concerning other separations H,/N,, He/N,, CO,/N, were also obtained with this type
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of precursor. By the same time, Chen and Yang [32] used polyfurfuryl alcohol on a
macroporous support to prepare CMSM that applied for the binary separation of
CH,/C,Hs. The same precursor was also used by Acharya and Foley [33] to prepare
carbon membranes for air separation. In 1999, Centeno and Fuertes [34] have coated
a macroporous support with a film of phenolic resin; after carbonization the
membranes were suitable for 0,/N,, CO,/N, and CO,/CH, separations. These authors
have also tried different polymers such as commercial polyimides, polyetherimide and
poly(vinylidene chloride-co-vinyl chloride) [35-37]. Recently, cellulose based
precursors for CMSM have been studied by Lie and Hagg [38, 39] and Grainger and
Hagg [40] specially for hydrogen purification.

In this work a commercial film of cellophane paper has been used to prepare carbon
molecular sieve membranes by employing one single heating step. This is the first
time that cellophane paper is studied for CMSM preparation. Cellophane is
regenerated cellulose obtained by the viscose process; it is a natural polymer of
glucose, 100 % biodegradable and inexpensive. Its chemical components are carbon,
hydrogen, and oxygen. The fact that it is industrially produced is advantageous, since
it minimizes problems related to the reproducibility and homogeneity of the film
properties. The effect of the gas atmosphere employed in the carbonization step on
the CMSM structure was assessed by thermogravimetry. The gas permeation
performance of the membranes was related to the effect of the end temperature of
pyrolysis and of the time interval spent at the final temperature, designated as
soaking time. The CMSM were tested for He, H,, CO,, O,, Ar, N,, CH,; and water vapor
permeation. The separation effectiveness of a prepared membrane for a certain gas
mixture is given by its positioning on the empirical upper bound for membrane
separation of gases published by Robeson [41] for real binary gas separations in
polymeric membranes. However, even for single component experiments of a certain
pair of gases, and consequently ideal selectivities, the positioning on the Robeson
graph might indicate whether the membranes are promising or not. Further
morphologic and structural characterization studies were also performed. The
membranes revealed good ideal selectivities with separation performances above the

recently revised Robeson’s upper bound for polymeric membranes. Due to the high
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permeabilities found for water vapor, these membranes may provide a good
opportunity for water vapor removal from natural gas or other gaseous streams. They
might also be considered in important industrial applications such as separation of

nitrogen from air or recovery of hydrogen from synthesis gas.

3.2.3. Experimental
3.2.3.1. Materials

In this study a transparent commercial cellophane paper from Sadipal Stationery
Papers, Girona, Spain, was used as a precursor film. Cellophane is regenerated
cellulose obtained by the viscose process. The carbon membranes produced in this
work were all obtained by a single carbonization of cellophane.

All gases used in this work were from Air Liquid (99.999 % pure), except methane that

was from Linde (99.995 % pure).

3.2.3.2. Thermogravimetric analysis

Thermogravimetric analyses were carried in a Netzsch TG 209 F1 Iris,
thermogravimetric balance, with 10 g precision. The amount of sample provided for
each batch was about 5mg. In order to determine the yield of fixed carbon,
proximate analysis of cellophane was performed. The heating protocol employed was
modified [42], but follows essentially the work by Ottaway et al. [19] and can be

summarized as follows:
e Temperature rise from room temperature up to 110 °C at 25 °C min™ under
nitrogen flow at 30 ml min™, with two dwells at 50 °C for 10 min and at

110 °C for 7 min. All humidity present should be released.

e Temperature rise from 110 °C up to 950 °C under nitrogen, with a 9 min
dwell at 950 °C under the same conditions. In this step the weight loss is

attributed to the release of volatile matter;

e Finally, the sample is kept for 11 min at 950 °C under oxygen, while fixed

carbon is burned, leaving only ashes, if present.
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Characteristic curves for cellophane were also determined under three different
atmospheres, N, Ar and CO,, from 20 up to 950 °C, using a heating rate of 10 °C min™

and a flow rate of 30 ml min™.

3.2.3.3. Preparation of CMSM

Carbon molecular sieve membranes derived from cellophane were prepared in the
set-up described in Figure 3.7. The pyrolysis of the precursor occurred inside a quartz
tube (80 mm in diameter and 1.5 m in length) placed inside a horizontal tubular
Termolab TH furnace, equipped with three different heating elements. These heating
elements are actuated by three distinct control actions, using a Shimaden MR13
temperature controller, to better guarantee the temperature homogeneity along the
guartz tube. A gas feed system is connected to the quartz tube inlet. Software was
developed using NI LabVIEW, to control and monitor the gas feed flowrates and the

temperature history inside the tube.

PURGE

S auartz tube

Furnace

Control and data 0.8m
acquisition 15m

Figure 3.7 — Scheme of the pyrolysis set-up.

The cellophane precursor disks were cut with 70 mm in diameter and introduced into
the quartz tube, supported on a horizontal stainless steel grid. The temperature
program used is shown in Figure 3.8. It basically consists on slow heating rates [43] of
0.5°C min™ with several 30 min dwells in order to avoid a quick release of residual
solvents and volatile matter that could damage the carbon matrix, causing micro
cracks or defects. The end temperature varied between 400 and 850 °C, as shown in
Figure 3.8a). The lower Ilimit temperature was chosen according to the

thermogravimetric results, which indicate that the main weight loss occurs from
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300 °C up to 400 °C, as will be discussed in section 3.2.3.2. For studying the soaking

parameter, the end temperature was 550°C and several soaking times where

analyzed: 60, 120, 240 and 480 min, as suggested in Figure 3.8 b). The end

temperature for this study was fixed at 550 °C, since this temperature has originated

the carbon membranes with the highest permeances, as described in section 3.2.4.5.
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Figure 3.8 — Temperature history employed to prepare carbon membranes derived from
cellophane: a) different pyrolysis end temperatures; b) different soaking times at 550 °C.

The resultant carbon membranes are identified in Table 3.6.

Table 3.6 — Identification of the membranes produced according to pyrolysis conditions.

Membrane ID Tena (°C) Soaking (min) Gas atmosphere
Celo400 400 0 N,
Celo450 450 0 N,
Celo500 500 0 N,
Celo550 550 0 N,
Celo600 600 0 N,
Celo650 650 0 N,
Celo700 700 0 N,
Celo750 750 0 N,
Celo800 800 0 N,
Celo850 850 0 N,

Celo550-ST60 550 60 N,

Celo550-ST120 550 120 N,

Celo550-ST240 550 240 N,

Celo550-ST480 550 480 N,

Celo550-G-Ar 550 0 Ar

Celo550-G-C02 550 0 CO,
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3.2.3.4. Scanning electron microscopy and X-ray microanalysis

Scanning electron microscopy has been performed on cellophane and its derived
carbon membranes; X-ray microanalysis was also done. A FEI Quanta 400FEG / EDAX
Genesis X4M with 1.2 nm resolution was used. Due to the low electron conductivity of

cellophane, the low-vacuum technique was applied.

3.2.3.5. X-ray diffraction

The analyses were performed in a Philips X’Pert MPD diffractometer with a CuK &
radiation of 0.154056 nm wavelength (40 kV; 50 mA). The samples were milled and

submitted to X-ray diffraction by the powder method.

3.2.3.6. CO, Adsorption at 0 °C

The adsorption equilibrium isotherm of CO, at 0°C was determined to assess
ultramicroporosity on Celo550. The equilibrium values were obtained using the
gravimetric method and a magnetic suspension balance from Rubotherm® (metal
version) was used. The balance was connected to two pressure sensors (Driick 0-7 bar
and 0-350 mbar, 0.1 % FS) and a vacuum pump (Edwards, model RV5). The set-up is
illustrated in Figure 3.9. The temperature was controlled with a thermostatic bath

(Huber, model CC1).

122



Preparation and Characterization of CMSM

Balance

Legend:

1-5L tank;

2 —Vacuum pump

3 —Vessel with liquid water in
equilibrium with vapour;

4 — Heating plate;

5 — Feed gases; SR
P — Pressure sensor;

LT i
HP — High precision pressure i
sensor. P i
i 1 §

[y [

i

FTTTTTTTY 3
5 ) Tae
____________________ ;2
Figure 3.9 — Schematic representation of the gravimetric method apparatus (adapted from

[44]).

3.2.3.7. Permeation

The pyrolysed membranes were glued to aluminum O-rings to prevent them from
breaking when assembled into the permeation cell; vacuum was applied from the
bottom part of the membranes, for flattening them as much as possible. The epoxy
glue (Araldite®) was then used to seal the interface membrane/o-ring.

All the permeation experiments were performed in a setup sketched in Figure 3.10.
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Figure 3.10 — Pressure increment set-up for measuring permeabilities. The dashed line
illustrates the part of the set-up used to feed water vapor to the permeation cell.

The method behind this technique consists on measuring the time for a certain
increment in pressure to occur at the permeate side. The system includes two
calibrated volumes at the permeate side: 1) a small volume (valves V1 and V2 closed)
to measure the permeabilities towards slower diffusing species and 2) a large volume
(valves V1 open and V2 closed) to characterize the membrane towards faster species.
The water vapor permeation experiments were also performed in this system. The
set-up was placed inside a thermostatic cabinet. The valves are located inside the
cabinet and handled from the outside, therefore avoiding condensation. Water vapor
is generated in vessel 1 up to the saturation pressure dictated by the temperature set-
point and then transferred to a larger tank, vessel 2, that feeds the permeation cell.

The single component experiments were performed at 29.5 °C using N,, H,, He, Ar,
CO,, CH, and O, with 2 bar feed pressure and vacuum at the permeate side. In the
case of experiments with water vapor the feed pressure employed was the vapor
pressure at 29.5 °C and the permeate side was also evacuated. After exposure to each
gas or vapor, helium was used to regenerate the membrane at 65°C (limit
temperature to avoid the epoxy resin degradation) and its permeability rechecked;

this way, any aging due to the exposure to a certain gas could be assessed.
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The permeability of the membrane, L, to pure component i is given by:
L= (3.3)

where F is the flux of species i, Ap the partial pressure difference of component i

across the membrane, which in a single component experiment is equal to the total

pressure difference, and & is the membrane thickness. Therefore, after achieving the

steady state, the single component permeability, L, was computed from the

experimental data as follows:
0 V,u, Ap,

R TtAm(ph—p,)

(3.4)

where ¥, is the calibrated volume where the permeate is collected, p, and p, are
respectively, the feed pressure (high pressure) and the permeate pressure (low
pressure), A, is the effective area of the flat membrane, T is the absolute

temperature, v,, is the molar volume of the gas at normal conditions, R is the gas

constant, and ¢ is the time to a certain increment in pressure, Ap, to occur at the

permeate side.

The ideal selectivity for a pair of gases, a(i/j) is given by the ratio between the

permeability of species i and j:

L
L

J

a(ilj)= (3.5)
3.2.4. Results and Discussion
3.2.4.1. Thermogravimetric analysis

The proximate analysis by thermogravimetry revealed that cellophane is ash free
presenting 84 % (dry basis, d.b.) of volatile matter and 16 % (d.b.) of fixed carbon. The
characteristic curves of cellophane were obtained under three different atmospheres,

N,, Ar and CO, and are presented in Figure 3.11.
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Figure 3.11 — Thermogravimetric analysis of cellophane.

It is seen that all the curves present the same behavior which means that the
decomposition of cellophane occurs in the same way by using N,, Ar or CO,
atmospheres. Up to 100 °C, the first derivative of mass loss curve shows a negative
peak related with the release of humidity presented in the sample. The peak around
170 °C probably indicates the release of residual solvents used during the production
process. Finally, the peak around 345 °C indicates the degradation of the polymer
[45]. This peak corresponds to the larger mass loss, leaving only the carbon
membrane skeleton. Some mass loss is still occurring until 950 °C, but at a much
slower rate. Since N, is the most inexpensive inert gas, it was chosen for the

subsequent membrane preparations.

3.2.4.2. Preparation of CMSM

The resultant carbon membranes are identified in Table 3.7. The precursor disks,
initially circles with a diameter of D=70 mm, shrank during the pyrolysis process,
giving place to elliptic carbon membranes. This fact may be caused by a preferential
orientation of the macromolecules in cellophane. Table 3.7 presents two values of

final diameters and shrinkage percentages, associated to the two characteristic
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dimensions in the final elliptical membranes. The shrinkage percentages were

determined as follows:

D-D
SH:MMOO (3.6)
D

Table 3.7 — Identification of carbon membranes derived from cellophane.

p?/f:?yr:is After pyrolysis
Membrane ID D (mm) Dafter (mm) Shri(:/;age Observations
Celo400 70 n.d.’ n.d.’ Dark brown; some
flexibility
Celo450 70 434-514  38.0-265 T“mi?lge ;';f:;;some
Celo500 70 42.4-50.3 39.4-28.2 Black; brittle
Celo550 70 41.6-49.6 40.5-29.2 Black; brittle
Celo600 70 41.2-48.9 41.1-30.2 Black; brittle
Celo650 70 40.6 —48.0 42.0-31.4 Black; very brittle
Celo700 70 39.5-46.9 43.6-33.0 Black; very brittle
Celo750 70 38.3-45.1 45.3-35.6 Black; very brittle
Celo800 70 37.4-44.2 46.6 —36.8 Black; extremely brittle
Celo850 70 n.d.*? n.d.*® Black; extremely brittle
Celo550-ST60 70 41.5-49.0 40.7 -30.0 Black; brittle
Celo550-ST120 70 nd.’ nd.’ Black; brittle
Celo550-ST240 70 41.3-48.4 41.0-30.9 Black; brittle
Celo550-ST480 70 41.0-48.0 414-31.4 Black; brittle
Celo550-GAr 70 n.d.® n.d.® Black; brittle
Celo550-GCO2 70 nd.? nd.? Black; brittle

a) n.d. — not determined

The shrinkage increases with the pyrolysis end temperature and with the soaking
time. It is also believed that the existence of a soaking time leads to a rearrangement

of the carbon atoms [39] resulting in a more compact structure.
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3.2.4.3. Scanning electron microscopy and X-ray microanalysis

Micrographs of cellophane and derived carbon membranes have been taken by low
vacuum SEM. Figure 3.12 presents the surface and cross sectional views of samples

Celo550 and Celo550-ST480, as examples.

a) 30 um
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Celo550 Ce|0550-ST480

Figure 3.12 — Cross sectional SEM pictures a) and b) x 5000 magnification; surface pictures c)
and d) x 150,000 magnification for Celo550 and Celo550-ST480.

Table 3.8 summarizes the thickness of cellophane and of each carbon membrane
obtained from SEM. In this table, the effective areas used in the calculation of

permeation data are also given.
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Table 3.8 — Thickness, & , of cellophane and carbon membranes flat sheets obtained by SEM
and effective area for mass transfer, 4 .

Membrane S (um) Sh”(;k)age A (cm?)

Cellophane paper 15-17 36.3
Celo400 9.70 39.4 2.11
Celo450 9.66 39.6 3.08
Celo500 9.62 39.9 3.76
Celo550 9.50 40.6 3.86
Celo600 9.22 42.4 3.81
Celo550-ST60 9.29 41.9 3.39
Cel0550-ST120 9.15 42.8 n.d.*®
Celo550-ST240 9.06 43.4 3.97
Celo550-ST480 9.00 43.8 3.29

a) n.d. — not determined

In agreement with the shrinkage macroscopically observed and discussed in the
previous section, the measured thicknesses obtained from the cross section views
indicate that the increase of the pyrolysis end temperature and soaking time led to a
decrease in the membrane thickness. The surface micrographs of all samples were
similar. The clusters of microspheres observed in Figure 3.12 are related to a
hydrothermal carbonization that happens at around 220 °C. The microspheres are
also called “condensed benzene rings” forming more stable oxygen groups in the core
(i.e. ether, quinone, pyrrone) and more hydrophilic oxygen groups in the shell
(hydroxyl, carbonyl, carboxylic, esther) [46].

Figure 3.13 plots the X-ray microanalysis of various samples; in Figure 3.13 a) the
effect of pyrolysis end temperature is analyzed and in b) the soaking time effect is

shown.
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Figure 3.13 — X-ray microanalysis of cellophane and its derived carbon membranes.

Globally, it is seen that the main elements identified for all samples are carbon (C) and

oxygen (O). Cellophane paper exhibits a lower C/O ratio than the derived carbonized

membranes, as expected. This ratio enlarges with the pyrolysis end temperature.

With respect to the soaking time effect, it seems that the C/O ratio suffers some

fluctuations, but might be considered mostly constant.

3.2.4.4. X-ray diffraction

Figure 3.14 compiles the spectra of samples prepared at different pyrolysis end

temperatures, different pyrolysis environments and different soaking times at end

temperatures.
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Figure 3.14 — X-ray diffraction spectrum of cellophane precursor and derived carbon

membranes.
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In Figure 3.14 there are two visible peaks for cellophane precursor, at around 11 and
20° (28 ). Indeed, the diffraction pattern typical of cellulose Il structure, as should be

expected for regenerated cellulose [47], usually presents peaks at around 11.8, 19.9

and 21.6 °; the peaks are related to planes 110, 110 and 200, respectively [48]. In
Figure 3.14 though, the peaks around 19.9 ° and 21.6 ° should be overlapped in a
single peak at around 20 °. On the other hand, when looking at the spectrum of the
derived carbon membranes, it seems that cellophane’s structure is destroyed by the
heat treatment leading to an amorphous structure with diffraction peaks centered at
around 23 and 44 °; these peaks are referred to planes 002 and 101, respectively.
These values of 28 are similar to those found in graphite. However, the broadening
of the peaks is indicative of the degree of amorphousness typical of porous carbon
materials [49]. The distance between adjacent carbon layers relative to the peak at 23
° is approximately 0.38 nm differing very little from sample to sample. The effect of
the pyrolysis end temperature has no significant changes at the positioning of the
peaks, evidencing only a slight increase in the intensity of the peaks. No significant
changes are observed by comparing the spectra obtained with different soaking times

at 550 °C or under different gas atmospheres.

3.2.4.5. Ultramicroporosity of Celo550

An insight over the membrane microstructure was undertaken to provide additional
information on the properties of cellophane-based carbon membranes. Sample
Celo550 was chosen to be characterized because this membrane revealed to be the
best performing one, as will be shown in section 3.2.4.6. From the adsorption
equilibrium isotherm of carbon dioxide at 0 °C, the micropore volume, the mean pore
width, and the pore size distribution were obtained. The procedure adopted in this
characterization was similar to that reported in Chapter Il [50].

The adsorption equilibrium isotherm of CO, at 0 °C has been determined for Celo550

and is represented in Figure 3.15 a). The micropore volume, W , and the

0’
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characteristic energy for adsorption, E;, were determined by fitting the Dubinin-

Radushkevitch (DR) equation to experimental data [51] (Figure 3.15 b)).
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Figure 3.15 — a) Adsorption equilibrium isotherm for CO, at 0 °C for Celo550; b) characteristic
curve and DR fitting.

The structural parameters are presented in Table 3.9.

Table 3.9 — Structural parameters for Celo550.

Celo550
W, (cm®kg™) 134.8
-1
E, (k) mol™) 32.0
L (nm) 0.525
S (m’g? 513.9

The micropore volume of 134.8 cm® kg™ is slightly lower when compared to other
reported values, e.g. 160 cm?® g™ [52]. However, the mean pore width obtained is in
the range of typical values found for carbon molecular sieves [4, 52].

These results suggest that Celo550 should present a molecular sieve character

dictated by the reduced mean pore width, but should exhibit low permeabilities, due
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to the low micropore volume, i.e. small number of pores, in relation to typical carbon
molecular sieve membranes.

The adsorption equilibrium isotherm of CO, at 0 °C was also used to determine the
pore size distribution based on the method developed by Do et al. [53-55]. The result
obtained for Celo550 is given in Figure 3.16. The mathematical analysis used to derive

the pore size distribution is detailed in Chapter II.
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Figure 3.16 — Micropore size distribution for Celo550 obtained from CO, adsorption
equilibrium data at 0 °C.

From Figure 3.16 it is seen that Celo550 presents small micropores with molecular
sieving character, associated to the range 0.3-0.8 nm. There is a well defined small
fraction of pores ranging in diameters from 0.3 to 0.4 nm, probably related with the
so-called constrictions, responsible for the selectivity of the membrane [2, 50] - these

involve open pores and dead-end pores which do not contribute to permeation.

3.2.4.6. Permeation

The membranes were tested for permeation using several probe species: He, H,, CO,,
0O,, Ar, N,, CH; and water vapor. Table 3.10 presents the results obtained for the
cellophane precursor and for the membranes pyrolysed at different end temperatures

and prepared at 550 °C with different soaking times.
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Table 3.10 - Permeabilities of cellophane derived carbon membranes at 29.5 °C: effect of the
pyrolysis end temperature and soaking time at pyrolysis end temperature.

Permeability (Barrer)*

He Hz N2 Ar COZ 02 CH4 Hzo
Cellophane )\ 1006 00007 nd.® 0001 00002 nd°® nd°
precursor
Celo400 19.3 2222 010 023  3.93 093 nd? 139.99
Celo450 343 49.6 037 077  13.9 303 nd® 31331
Celo500 60.3 79.9 020 057 977 350 nd.® 413.63
Celo550 97.6 1483 033 067 169 433  nd° 962.58
Celo600 55.3 393 003 003 067 023 nd.® 28364
Ces|$zgo- 101.1 1681 043 077 170 487 017 1566
Celo550-
rom 943 1086 010 033  5.00 167 003  107.0
Celo550-
Sran0 7925 603 004 007  1.93 070 001 752

a) n.d. — not determined
* 1 Barrer=7.5x10"® m3N mm?Zs?pa’

Figure 3.17 provides an overview of the permeabilities as a function of the kinetic

diameter.
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Figure 3.17 — Permeabilities of cellophane derived carbon membranes at 29.5 °C: a) effect of
the pyrolysis end temperature and b) of the soaking time at end temperature of 550 °C.

Water permeates faster than He in most cases, despite being a larger species. This

should be associated to the hydrophilic character of these membranes. H,, also a
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larger than He, also permeates faster on most of the membranes prepared. This fact
has been reported by others [56], indicating that the extent of adsorption, which is
assumed to be larger for H, than for He, should be playing a role in permeation. For
the remaining species, the permeation rates follow the sequence of the kinetic
diameters as shown in Figure 3.17, denoting the molecular sieving character of these
materials. After exposure to each gas or vapor, the membranes were regenerated
with helium at 65 °C and no loss was observed in the performance of any of the
membranes studied. Some ideal selectivities were computed and are presented in

Table 3.11.

Table 3.11 — Ideal selectivities for carbon membranes derived from cellophane at 29.5 °C.

Ideal Selectivity

H,/CO, H,/O, 0y/N,  O,/Ar  CO,/CH, H,O/H, H,0/CH,

Celo400 5.6 23.9 9.3 4.0 - 6.3 -
Celo450 3.6 16.4 8.2 3.9 - 6.3 -
Celo500 8.2 22.8 17.5 6.1 - 5.2 -
Celo550 8.8 34.2 131 6.5 - 6.5 -
Celo600 58.7 170.9 7.7 7.7 - 7.2 -
Celo550-ST60 9.9 34.5 11.3 6.3 100.0 0.9 921.2
Celo550-ST240 21.7 65.0 16.7 5.1 166.7 1.0 3566.7
Celo550-5T480 31.2 86.1 17.5 10.0 193.0 1.2 7520.0

The carbon membranes produced show permeation rates about 10°-10* times larger
than the cellophane precursor, and evidence a molecular sieving behavior.
Permeabilities towards all species increase with the pyrolysis end temperature, up to
550 °C, and then start decreasing. In fact, the thermogravimetric analysis given in
section 3.2.3.2 suggests that at 550 °C the weight loss becomes negligible. Up to this
temperature most of heteroatoms should have been released in the form of volatile
matter. The increase in permeability is therefore relatable to the formation of the
carbon pore network. However, at 600 °C the membranes seem to lose permeability,
suggesting that carbon atoms are rearranging into a tighter structure, by a sintering

mechanism [2]. From Table 3.10 and Figure 3.17 b it can be seen that the permeability
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of the membrane pyrolysed up to 550 °C starts to slightly increase with the soaking
time for decreasing afterwards. The permeability towards water vapour decreases
tremendously up to a 60 min of soaking time becoming then mostly stable. The water
transport is mainly related to the presence of surface functional groups [57, 58] that
should disappear to some extent, allowing the average pore size to increase.
Afterwards, the sintering effect overcomes and the net pore size decreases as a
function of the soaking time.

The performance of a membrane towards a separation is characterized by the
permeability for the target species as well as the corresponding selectivities.

Recently, Robeson has presented a selectivity/permeability upper bound for
representative binary gas separations performed with polymeric membranes [41, 59].
Figure 3.18 represents the Robeson upper limits for five gas separations, as well as
the results obtained for single gas permeation experiments with the cellophane based
carbon membranes produced in this work. For comparison with different cellulose-
based carbon membranes, results from the work of Lie et al. [39] and Lagorsse et al.
[52] were also included.

Most of the cellophane derived carbon membranes are positioned above the new
upper bound for polymeric membranes. In general, the best compromise between
permeability and selectivity is achieved for the membranes pyrolysed up to 550 °C,
with and without soaking time. Comparatively to the membranes studied by Lagorsse
et al. and Lie et al.,, the membranes presented here exhibit better separation
performances for the pairs H,/0,, H,/CO, and H,/CH, — see Figure 3.18 b, d and e. This
could be related to the fact that hydrogen has difficulty to remove other adsorbed
gases from the membrane matrix, underestimating the permeability measurement.
The present membranes were cleaned with helium at 65 °C for 1 day, before being
tested with hydrogen. Another important industrial application could be the
separation of nitrogen from air. These membranes seem to be very promising due to
their great O,/N, selectivities (13 and 18). Regarding the CO,/CH, separation, they are
worse than those prepared by Lie et al.

A major advantage of the carbon membranes prepared in this work is related to the

fact that no traces of aging due to exposure to oxygen or water vapor, or any other
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permeant, were observed. Nevertheless, these membranes were extremely
permeable to water vapor, making them very promising to be used, for example, on
the recovery of methane from natural gas from the retentate side, or even removing

humidity from air.
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Figure 3.18 — Robeson upper limits [41, 59] and comparison with permeation results obtained
with the cellophane derived carbon membranes.
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3.2.5. Conclusions

Carbon molecular sieve membranes have been successfully prepared by one single
pyrolysis step under nitrogen using cellophane paper as precursor. The effect of the
pyrolysis end temperature was assessed from 450 up to 850 °C through several
characterization techniques and a maximum permeability was found for sample
Celo550. The soaking time seems to influence the final pore network by means of a
sintering mechanism; this causes pore widths to decrease, leading to lower
permeabilities but increased selectivities.

The permeability versus kinetic diameter towards He, H,, Ar, N,, CO,, O,, CH,; and
water vapor exhibited a molecular sieve mechanism for all the membranes prepared,;
this was in agreement with the micropore size distribution obtained for Celo550
(~0.3-0.8 nm).

The new Robeson upper bound for polymeric membranes was overtaken by most of
the membranes produced, regarding O,/N,, H,/N,, H,/O,, H,/CO, and H,/CH,
separations, specially for the membrane prepared under an end temperature of 550
°C; it should be noted though that the present results are based on single component
permeation experiments. In addition, these membranes were extremely permeable to
water vapor. X-ray microanalysis has shown that the membranes are essentially
carbon-based, but also present elemental oxygen, which justifies the affinity of the
carbon matrix towards water vapor. However, the carbon membranes prepared in
this work were not susceptible to aging effects due to exposure of oxygen or water
vapor, or any other permeant. Therefore, they might be considered in relevant
industrial applications such as separation of nitrogen from air or recovery of hydrogen

from synthesis gas.
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Chapter 4 - Modeling and simulation of a
CMSM module

4.1. Separation of nitrogen from air by carbon molecular
sieve membranes’

4.1.1. Abstract

In this work, the experimental properties of a carbon molecular sieve membrane
made out of cellophane were used to model and simulate a membrane module for
the production of nitrogen from air. The mass transport across the membrane has
been related to its porous structure. The mathematical model developed accounts for
counter- and co-current operation modes, pressure-dependent permeabilities and
pressure drop along the membranes. A product stream of high pure nitrogen
(>99.9 %) was obtained from the retentate side, with recoveries up to 65 %. It was
considered different feed to permeate pressure ratios and different feed pressures. It
was concluded that higher ratios and higher feed pressures favor the separation.
Furthermore, the pressure drop along the membranes has a negative impact on the

performance of the unit.

4.1.2. Introduction

Air is composed essentially by nitrogen, oxygen and argon, with traces of other
components, such as carbon dioxide and water vapor. It is used as raw material in the
production of nitrogen and oxygen up to various purities. This chapter focuses on the

recovery of nitrogen from air. The use of nitrogen is frequent in different kinds of

> M.C. Campo, F.D. Magalhdes, A. Mendes, Separation of nitrogen from air by carbon

molecular sieve membranes, J. Membr. Sci. (2010), doi:10.1016/j.memsci.2009.12.021.
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industry, namely for purging of pipelines and vessels, blanketing of equipment [1] and
for inertization in the food and pharmaceutical industry. For several years, nitrogen
was produced from air by cryogenic distillation, and more recently by pressure swing
adsorption (PSA). Often, the latter technology involves the use of carbon molecular
sieve adsorbents packed in two beds [2].

Lately, significant efforts have been directed towards membrane technology. This
presents some advantages, since it requires low maintenance. Additionally the
separation modules are compact and light-weight and can be positioned either
vertically or horizontally [3]. It is expected that this technology will lead to an
increasing impact over the gas separation market, including the nitrogen separation
from air [4, 5]. The development of more productive membranes and a deeper
understanding of the separation mechanisms are meaningful efforts aiming at a
better and more efficient membrane separation process.

In the last ten years only a few simulation gas permeator studies have addressed air
separation [6-11]. Coker et al. [6] have used a model to predict multicomponent
separations with a polysulfone hollow fiber membrane module. Simulations of co-
current, counter-current, and cross-flow contacting patterns with permeate purging
(or sweep) were analyzed for the particular separation of nitrogen from a four
component air mixture. They specified that the numerical approach used on their
work was able to include a pressure-dependent permeability coefficient, but did not
explore this point. Rautenbach et al. [9] investigated how the fiber properties (fiber
skin thickness, diameter and selectivity) affect the performance of defect-free hollow
fiber membrane modules for air separation. For this purpose, these authors
presented a flexible simulation method capable of modeling the performance of a gas
separation module with variations in fiber properties. Lababidi [9] simulated a
cascade of polysulfone membrane modules in series and validated the mathematical
models with experimental data for co-current and counter-current. The permeances
used on the models were obtained as a function of partial pressure of nitrogen and
oxygen by correlating experimental data. Chowdhurry et al. [10] proposed a new

numerical solution approach for a model accounting for a multicomponent gas
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separation. The simulations were performed and validated for air separation
experiments with asymmetric cellulose acetate hollow fibers. The use of artificial
neural network to model a hollow fiber membrane module for the separation of
oxygen from air has been employed by Madaeni et al. [11]. Several feed pressures
were studied but the permeability of oxygen and nitrogen was kept constant in the
simulations.

The present work deals with the simulation of nitrogen production from air using a
membrane module equipped with carbon molecular sieve membranes (CMSM). These
membranes share the same structural characteristics with carbon molecular sieve
adsorbents used in PSA systems: both carbonaceous materials present a narrow pore
size network, allowing for the separation of molecules or atoms with very similar
sizes, as is the case of nitrogen and oxygen [12]. Therefore, CMSM are a promising
alternative to polymeric membranes for low-cost production of high purity nitrogen,
due to their increased selectivity O,/N, and high permeabilities [13].

The CMSM considered for the simulation has been synthesized and characterized, as
described in Chapter Il [14], being prepared by pyrolysis of cellophane. The pyrolysed
CMSM revealed to be promising with good permeabilities and high selectivities when
compared to polymeric membranes. Thes membrane — designated as Celo550 - was
found to yield the best compromise between selectivity and permeability, among the
ones produced at different conditions. The lab-prepared samples of Celo550 were flat
sheets. However, scale-up should involve hollow fiber configuration, which is better
suited for industrial applications [13] - greater surface to volume ratio and improved
mechanical stability. This work, therefore, considers a hollow fiber CMSM having the
same characteristics as Celo550, operating in co- and counter-current. The
mathematical model developed accounts for pressure-dependent permeability and

for pressure drop along the membrane.

4.1.3. Model

4.1.3.1. Membrane fundamentals
The flux of component i, J,, through a membrane is given by
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*

L
J =" Ap, (4.1)
i

where L is the permeability of component i, Ap, is the partial pressure driving force
established between retentate and permeate sides of the membrane, and & is the

membrane thickness. On the other hand, inside the membrane the transport is

governed by the Fick’s law:

J,= =D, p, % (4.2)
S or

where D, is the diffusivity of component i, ¢, is its concentration in the adsorbed

phase, p_ is the skeleton density of the membrane and r is the radial coordinate

along the membrane thickness. Combining the previous two equations, a relation
among the permeability, diffusivity and the adsorption equilibrium isotherm can be

established,

4;(¢ile=s)
¥

L=-2="[ D (4.3)

i
i q;(cili=0)

Therefore, to predict the pressure dependence of the permeabilities towards N,, O,,

CO, and H,0, adsorption data is required.

4.1.3.2. Assumptions and model equations

A gas separation unit is simulated assuming a hollow fiber like module — see
schematic representation in Figure 4.19. The module is assumed as a bundle of hollow
fibers with the same characteristics as the CMSM Celo550 obtained previously [14]. It
is considered that the feed stream flows on the shell side while permeate is collected

from the bore side.
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Figure 4.19 — Permeation module.

The main assumptions of the model are:

e The pressure drop on the feed (shell) and permeate (bore) sides is given by

the Hagen-Poiseuille equation;

e The mass transport through the membrane thickness is described by the

sorption-diffusion model;
e Plug flow and ideal gas behavior are assumed;

e Steady-state operation.

Based on these assumptions the model equations can now be written. The partial

balance for a species ; at the retentate side is given by,

_I(uc) N =0 (4.4)
0z '

where u is the velocity, c, is the molar concentration of species i,z is the space

N.27R

coordinate along the axial direction and N, =
A

J.. N, is the number of fibers

in the module, R is the radius of a hollow fiber, A4 is the cross section area of the
module and ¢ :1—(NfR2/Rszhe”) is the porosity of the module, which describes the

module packing, being R_  the radius of the modules’ shell.

shell
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The total mass balance is similarly described as,
O(uc) ¥
_ ——ZNI:O (4.5)
oz i=1

where ¢ is the total concentration.
Considering that the permeability L: is constant along the membrane thickness, &,
the mass transfer across the membrane is given by:
N = N,27R
' A

s

i i

L (C.R —c.P)iRT (4.6)

L = Lj/é is the permeance of species i, c,,R and cf are the concentration of species

i at the retentate and permeate, respectively, R is the ideal gas constant and T is
the temperature.
However, according to eq. (4.3), the permeability is given as the product of diffusivity

and the adsorption equilibrium isotherm. Therefore, eq. (4.6) becomes:

N.27R q;(¢l.)
Ni — L ps j Dl-dql-
gd o

s q;(¢il.s)

(4.7)

The pressure drop on both retentate and permeate sides is given by the Hagen-

Poiseuille equation [15]:

b _su
u

e 4.8
PRl (4.8)

where and x is the viscosity of the gas.

4.1.3.3. Boundary conditions

The boundary conditions for the mass balance equations are defined considering a

hollow-fiber module operating in counter- and co-current modes — see Figure 4.20.

Retentate side, counter- and co-current modes:
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where " is the velocity of the feed gas.

Permeate side, co-current mode:

The permeate side, counter-current mode:
oc,
oz
u=0

z=V0: 0

where /¢ is the membrane length.

F.F: R .R
uin':'ing B ot

FEED RETENTATE

PERMEATE [~

FEED RETENTATE

Figure 4.20 — Counter- and co-current operating modes.

4.1.3.4. Dimensionless mass balance equations

Egs. (4.4), (4.5), (4.6), (4.7) and (4.8) were rewritten in their dimensionless form and

are given below. The advantage of using dimensionless variables is the decrease on

the total number of variables required for the simulation,

unnecessary the specification of design parameters.

being therefore
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Partial mass balance:

B ou'c)) 3

N =0,i=1nc (4.9)
Oox

Total mass balance:
ou'e’) & .
-—————)>» N, =0 (4.10)
ox ;

where ¢’ =c/c_ is the dimensionless concentration, ¢, =p,/(RT,) is the

reference concentration at the reference pressure, p . , and temperature, 7 . The

ref 7/

., where u_ =u" and u' is the velocity of the

dimensionless velocity is u" =u/u

feed entering the module.

Mass transfer across the membrane considering pressure-independent permeability:
N = Ta,(¢" =¢")T° (4.11)

. is a dimensional variable representing the flux across the

where N =N, 7, /c,
membrane, 7, = E/urcf is the residence time of the gas in the bulk phase, x = Z/Z is

the dimensionless space coordinate, @, =L, /L_ with L_ being the permeance of a

reference component and c,.*R and c:P are, respectively, the gas phase concentration
; . . N. 27R
of species ; at the retentate and permeate. Finally, I = >£ LLrefTrefSR , can be
£

s

designated as a contact time.

Dimensionless mass transfer across considering pressure-dependent permeability:
N =TyD(q"~q") (4.12)

L
RT

ref

where 1'" :ﬂM_RT R, %

¢ A o ¢

s ref

and D, is considered constant, and

q = qi/qref is the dimensionless concentration in the adsorbed phase where ¢__ is

ref
the reference concentration in the adsorbed phase.

Dimensionless Hagen-Poiseuille equation for pressure drop:
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dc’ u
_de _ gt (4.13)
dx P T

llref

where /5':8_'”—]“.
R°T_c._ %R

ref ~ref

4.1.3.5. Dimensionless boundary conditions
From the retentate side:

* ok *F  *F
x=0: uc =uc

* *F
u =u

From the permeate side in co-current mode:

%

x=0: %_g
X

u =0

From the permeate side in counter-current mode:

4.1.4. Numerical method

The membrane model was solved using the false transient method [16]. This method
consists in adding a time derivative term to the left-hand side of the equations,
avoiding numerical instability problem:s.

The space derivatives were computed using the finite volume method coupled with
the WACEB high resolution scheme [17]. The resulting initial value problem was then
integrated explicitly in time using the package LSODA [18]. The routine LSODA solves
initial boundary problems for stiff or non-stiff systems of first-order ordinary

differential equations (ODEs). The algorithm for solving the system of partial
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differential equations is sketched in Figure 4.21. The procedure should be followed for

both retentate and permeate sides, simultaneously.

Discretize the axial
domains

'

| Setinitial conditions |

y

| Setboundary conditions |

!

Calculate the velocities from
Hagen-Poiseuille equation
(eq.4.13)

|

0
Calculate the convective term,

'

Calculate the fluxterm, N,
(eq.4.11 0r 4.12)

!

Calculate the time derivative term
of the false transient method

& __dwe)

i

((XD)
ax

N
20 ox

>

Integrate o,
060

~.
c.

L <tolerance
0

2 in time

(Steady state reacheD

Figure 4.21 — Algorithm for solving partial differential equations.
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4.1.5. Experimental
4.1.5.1. Permeation method

The permeabilities of the CMSM membrane Celo550 towards N,, CO,, N, and H,0 at
2 bar feed pressure and 3 mbar at the permeate side at 29.5 °C have been presented

in Chapter Ill [14].

4.1.5.2. Adsorption experiments using the gravimetric method

The adsorption equilibrium isotherms and uptake curves of N,, CO, and O, on Celo550
were determined at 29.5°C from 0-7 bar by the gravimetric method using a
suspension magnetic balance from Rubotherm’. The sample was fragmented into
flakes in order to fill the weighing basket. The increments in pressure performed for
the uptake curves were small enough to ensure constant diffusivities within the
transient range, minimizing thermal effects. The experimental set-up was described in
Chapter Il [19]. The adsorption and desorption equilibrium isotherms and uptake
curves of water vapor were also obtained by the gravimetric method at 29.5 °C up to

0.95 of relative pressure. The skeleton density of the membranes,

P, = 1.48x10° kgm™, was obtained by helium picnometry.

4.1.6. Results and discussion
4.1.6.1. Adsorption equilibrium of N,, O,, CO, and water vapor

The Langmuir equation was used to fit the experimental adsorption equilibrium
values of N, and O, and the SIPS equation to fit the adsorption values of CO,. The

Langmuir and SIPS equations are, respectively [20]:

bp
= (4.14
=4 1+bp )
b 1/n
q=d; (p—)l/ (4.15)
1+(bp)™"
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Where ¢ is the concentration in the adsorbed phase, g, is the saturation capacity, b
is the affinity coefficient and »n is a parameter. The equations were fitted to
experimental data by minimizing the sum of the square of the residues divided by the
number of points, np, where ¢' is the concentration predicted by the equation.

Figure 4.22 presents the experimental adsorption equilibrium values and respective

fitting equations. Table 4.1 lists the fitting parameters obtained.

25 SIPS equation
— — — Langmuir equation
2.0
o 151
X
°©
€
o 1.0 1
—— o=
0.5 A1 _—O - s —
00—
R0
L 8=
0.0 ¢ T T T
2 4 6 8
P / bar

Figure 4.22 — Adsorption equilibrium data for Celo550 at 29.5 °C.

Table 4.1 - Parameters of the Langmuir and SIPS equation for Celo550 obtained from the
adsorption equilibrium values determined by the gravimetric method at 29.5 °C.

Langmuir and SIPS parameters

q, (molkgl) b (bar'l) n Z(q—q*)z/np
N, 1.126 0.113 - 3.05 x 10-5
CO, 2.904 0.648 1.369 2.56 x 10-3
0, 1.513 0.121 - 1.67 x 10-3

The adsorption equilibrium curves show that CO, is the most adsorbable species
followed by 0O, and N,. The equilibrium selectivity of oxygen over nitrogen is
significantly higher than usual for this kind of materials. The volume of pores with

diameters larger than oxygen, but smaller than nitrogen is equivalent to
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0.064 mol kg, as obtained from the micropore size distribution derived for Celo550
with CO,; at 0 °C, presented in Chapter Ill [14]. The existence of pores with dimensions
between oxygen’s and nitrogen’s diameter will allow oxygen to be adsorbed, but not
nitrogen. In fact, the difference between the amounts adsorbed of oxygen and
nitrogen at 1 bar is about 0.065 mol kg™’; it is considered that up to 1bar these
ultramicropores are filled up.

The adsorption and desorption equilibrium isotherms of water vapor were obtained
for Celo550 by the gravimetric method at 29.5 °C up to 0.95 of relative pressure in the
same set-up mentioned before. The experimental values are given in Figure 4.23 as a
function of relative pressure, considering 41.27 mbar the water vapor pressure at
29.5 °C. A linear adsorption isotherm is able to describe the experimental adsorption

branch reasonably well.

5
® Exp. Adsorption
Q)
O Exp. Desorption 5(55)
41 —— Linearfit Q
o
0]
- Q
2 ° 0
?E) o
= 0
o 2 o
1 4
0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
PP,"

0

Figure 4.23 — Adsorption and desorption equilibrium isotherms of water vapor on Celo550 at
29.5°C.

The shape of the adsorption isotherm is in agreement with the large permeabilities
found for water vapor; the significant amount adsorbed at very low relative pressures
confirms the hydrophilic character of these membranes already discussed in
Chapter Ill [14]. Furthermore, it should be noted that the adsorption of water vapor is

reversible as confirmed by replication of adsorption equilibrium values and
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diffusivities obtained for nitrogen. As similarly observed on Celo550 [14], the
exposure to water vapor did not affect the performance of the membranes, as
rechecked by permeating helium afterwards. The linear fit exhibits a slope of
5.04 mol kg™!, which physically corresponds to the Henry constant. There is a little
hysteresis, usually attributed to a different desorption mechanism, rather than to

capillary condensation.

4.1.6.2. Diffusivities based on uptake curves

The apparent diffusion time constant D/r2 for each pressure, where D is the
diffusivity, was directly computed from the experimental uptake curves, by applying
the isothermal diffusion model for slab geometry [20] as represented in eq.(4.16):

le—%;mexp{—(n—lﬂ)z 72'2”2211 (4.16)
where F is the fractional uptake at instant 7. The obtained apparent time constants
were afterwards correlated as a function of loading by using the following pressure-
dependent models:

p —p onp (4.17)

“ T 3lng

This is the Darken relation [20] where D, isthe diffusivity at zero loading and is a

parameter of the model. When the Langmuir or SIPS equation are used to describe

the adsorption equilibrium, the relation takes the following forms, respectively:

D, =D, (1+bp) (4.18)
D, =D, (1+(bp)" ) (4.19)

However, for some systems the Darken model fails to describe the relation of
diffusivities with loading. Do et al. proposed a structural-diffusion relation [21] which
accounts for a stronger pressure dependence:

p =4 (4.20)

7
op
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where 4 is a constant. When the adsorbed concentration, g, is given by a Langmuir

equation it turns to:

D, =D, (1+bp)

(4.21)

Chen and Yang have suggested and developed a new model which includes an extra

parameter, A, that accounts for the pore blockage effects as well as loading [22]. This

model predicts increasing, decreasing or constant pressure-dependences and is

presented below:

1-0+20(2-0)+ H(1-A)(1-A) 2.6

u 40

2
(1—H+A9)
2

(4.22)

where @ is the surface coverage and A is a pore blockage parameter, that accounts

for lateral interactions. If no blockage exists, A = 0, and the expression reverts to the

Darken relation.

Figure 4.24 represents the pressure-dependence of the apparent time constants for

the diffusing species N,, CO, and O, on Celo550 and respective fits.

102 -
— — — Do-Langmuir ,
—— Darken-Langmuir /
—— - Darken-SIPS
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A — )
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0.1 1 10
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Figure 4.24 — Relationship between the apparent time constant and pressure at 29.5 °C for

Celo550.

Table 4.2 lists the parameters obtained.
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Table 4.2 — Pressure-dependent models and its parameters for Celo550.

Do-Langmuir Chen and Yang
b (bar?) D, /r (s} A D/rt (Y
N, 1.129x10™ 9.09x10™ - -
co, - - 1.3 2.64x10°
0, - - 1.7 4.41x10°

The first model used to fit the obtained pressure dependences was the Darken-
Langmuir for N, and O, and Darken-SIPS for CO,. However, from Figure 4.24 it is seen
that this relation could only predict the tendency for pressures up to 1 bar, failing the
remaining increasing pressures; in the case of N, the model underestimates the
apparent time constants and a stronger pressure-dependent model was successfully
used — Do-Langmuir; as for O, and CO,, the Darken relation overestimates the
apparent time constants for pressures higher than 1 bar. For O, and CO,, the diffusion
time constant increases with the pressure but at slower rate than predicted by the
Darken or Do models. Chen and Yang’s model (Eq. (4.22)) provided a much better fit.
This may be physically associated to pore blockage effects, only evident for these
smaller species

The experimental uptake curves of water vapor on Celo550 were well fit according to
the Linear Driving Force (LDF) model for each increment in relative pressure. The
model is described as follows:

F=1-¢" (4.23)

where F is the fractional uptake, & the LDF rate constant and ¢ the time. The values
of & were computed from the uptake curves for all relative pressures and are

represented in Figure 4.25.
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Figure 4.25 — LDF rate constants for water vapor on Celo550 at 29.5 °C.

The LDF rate constants present a maximum for p/p0 ~ 0.17, which corresponds to

the adsorption at the primary centers, i.e., at the hydrophilic centers. Afterwards, the

rate constants decrease as the saturation pressure is approached.

4.1.6.3. Permeabilities based on steady-state permeation

The permeabilities of the membrane, L", were obtained from steady-state
permeation experiments at 2 bar feed pressure for N,, CO,, O, and H,0. Using
eqg. (4.3), the experimental values of permeability and the adsorption equilibrium
isothermes, it is possible to compute the diffusivities of the studied gases, D;.

On the other hand, the gravimetric method allowed to obtain the diffusivities based

on uptake experiments, D;‘ . Table 4.3 summarizes the diffusivities and permeabilities

of the membrane from permeation and gravimetric methods.
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Table 4.3 — Diffusivities of N, O,, CO, and water vapor at 29.5 °C on Celo550 and respective
permeabilities obtained and calculated from different methods.

Permeation method Gravimetric method
p= 2bar L*P/ ms.m.m-z.bar-l.s_:l D: (mz's-l) D: (m2'5>1)
N, 2.54x10™" 8.91x10™ 8.89x10™
0, 3.30x10™ 8.29x10™ 4.19x10"
o, 1.29x10™" 1.46x10™ 0.31x10™
p/p0 =0.92
H,0 7.22x10™%° 5.78x10™* 5.55x10™

CMSMs present pores available for mass transport across the membrane, which may
be named as “effective pores”, but also dead-end pores, which do not contribute to
mass transport. Both effective and dead-end pores are assessed by the uptake curve
method, while the permeation method only has access to the effective pores.

The diffusivities found from the two methods were similar for nitrogen, but different
for oxygen and carbon dioxide. This might be an indication that the dead-end pores
exist but are not accessible to nitrogen. On the other hand, oxygen and carbon
dioxide, both smaller than nitrogen, actually have access to dead-end pores, justifying
the decreased diffusivities obtained by the gravimetric method. It is believed that the
real mass transfer across the membrane is better described by permeation
experiments [23]. The mass transfer model will use the diffusivity obtained by the
permeation method combined with the adsorption equilibrium isotherm data, for

each species.

4.1.6.4. Simulation

The simulation tool allows to better understanding, designing, and optimizing the
separation unit. It is possible to assess the influence of the main factors in the
performance of the module such as the dimensional characteristics of the membrane
module and operation conditions. In this work the objective is to purify nitrogen from
air, using a module made of carbon molecular sieve membranes. These present

pressure-dependent permeabilities, as explained before, and for this reason it may be
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important to provide a model that describes the real behavior of the membrane. To
analyze the relevance of this fact, a comparison between the use of pressure-
independent permeability and pressure-dependent approach is provided. Afterwards,
different operating conditions such as the feed to permeate pressure ratio, R, are
also studied, as well as the effect of pressure range for the same ratio. The influence
of the pressure drop along both retentate and permeate sides on the performance of
the membrane module was studied; this is important since it can be used for
optimizing the aspect ratio of the fibers.

It is assumed that the air feed stream used in the simulations is a four component

mixture [24] as presented in Table 4.4.

Table 4.4 — Air molar fraction composition [24].

Air molar composition

Components N, 0, CO, H,0
Y 0.79018 d.b. 0.209476 d.b. 0.000344 d.b. 0.04127 / pF
d.b. — dry basis.

The molar fraction in the feed of the species i, yf , is obtained from:

Y
F i
Vi = NC
>,
J
j=1

In the simulations, the recovery is defined as the amount of nitrogen leaving the

(4.24)

module at the retentate side divided by the amount of nitrogen entering the module
at the feed side. The recovery of nitrogen from the retentate stream is normally
favored when counter-current operation mode is employed. This was also verified in
this CMSM module where, for instance, for 65 % recovery, a nitrogen purity of 99.9 %
is achieved in counter-current mode, while in co-current, a purity of 95.7% is
obtained. Therefore, in the following simulation studies only counter-current

operation is considered.
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Pressure-independent vs pressure-dependent permeability

The use of pressure-independent (eq. (4.6)) or pressure-dependent (eq. (4.7))
permeabilites is compared next, to analyze how it influences the separation. The
pressure drop is assumed negligible and the feed pressure is considered to be 10 bar.
The constant permeability case uses the experimental permeability value, which was

obtained at 2 bar. The results are shown in Figure 4.26.

100 100 100
N b)
90
95 1 o —— Lvariable [ 9
o & 80
N \E' —— L constant
,E‘ 90 704 r 90
3 3
a
_ & 60
85 { —— L variable l 85
—— L constant 50 1
80 : ‘ ‘ ‘ 40 : ‘ : ; 80
50 60 70 80 90 100 0.0 0.2 0.4 0.6 0.8 1.0
Recovery / % r

Purity / %

Figure 4.26 — Simulation results considering pressure-independent and pressure-dependent
permeability at 29.5 °C, 10 bar feed pressure and 1 bar permeate pressure.

In these conditions, the use of a pressure-independent permeability results in lower
recoveries for the same purity than the pressure-dependent permeability approach,
as seen in Figure 4.26a. However, the pressure-independent permeability approach
results in a smaller contact time (I" ) — see Figure 4.26b, hence it would result in an
erroneous prediction of the module performance. Therefore the pressure-dependent

permeability approach is considered in the remaining simulations.

Influence of the feed to permeate pressure ratio

For a permeate pressure of 1 bar, the effect of increasing the pressure ratio, R,

between the feed and permeate pressure is shown in Figure 4.27.

166



Modeling and simulation of a CMSM module

100 100

100
a)
95 | 80 N F 95
®
R -~ J L
& S, 60 90
> 90| o
5 e R:2 § 40 | — R=2 r 85
85 - * R
] = ] R=5 |
—— R=7 20 g 80
—— R=10 _ «—
80 ‘ , ‘ ‘ : ‘ 0 R=10 75
30 40 50 60 70 80 90 100 00 02 04 06 08 10 12 14
Recovery / % r

Figure 4.27 — Effect of the feed to permeate pressure ratio ( R ) on the purity and recovery of

nitrogen from air at 29.5 °C, 1 bar permeate side and g = 107

From Figure 4.27a, high purity nitrogen (99.99+ %) is achieved by using 2 up to 10
pressure ratio. However, for a 2 bar feed pressure (R=2), a purity of 99.9% is
attained for a recovery of 26.1 %, while for a 10 bar feed pressure (R =10 ) the same
purity is obtained for a recovery of 65.4%; generally, a higher R favors the
separation of nitrogen. Indeed, it is seen that for R <3 this tendency is not observed
what can be explained by the shape of the isotherms — Figure 4.22. In fact, the
decrease of the nitrogen permeability coefficient with pressure increase is greatly
affected by the adsorption equilibrium of this component — eq. (4.3). Up to 3 bar the
permeability decreases more pronouncedly than for pressures higher than this value.

For pressures greater than 3 bar, the permeability decreases not so pronouncedly and

at constant rate.

Influence of the pressure range for the same R

Since the model considers a pressure-dependent permeability, the effect of the feed
pressure was studied. Figure 4.28 summarizes de simulation curves obtained for

R=10 and 2, 3, 5 and 10 bar feed pressures.
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Figure 4.28 — Effect of the feed pressure, p', on the purity and recovery of nitrogen from air

at 29.5 °C for constant R =10 and £ =10"".

It is observed that an increase in feed pressure benefits the relation nitrogen purity

vs. recovery. Furthermore, higher recoveries are achieved for the same contact time,

due to a decrease in permeability with pressure (less product permeates through the

membrane). Since the selectivity also decreases with pressure increase, the purity

becomes compromised.

Influence of pressure drop

The effect of pressure drop along the membrane module was evaluated and given in

Figure 4.29. The smaller the fibers’ diameter, the longer the length of the module

(fibers) and the tighter the packing, the higher becomes the pressure drop.
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Figure 4.29 — Effect of the pressure drop on the purity and recovery of nitrogen from air at
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As expected, the pressure drop affects negatively the separation. Nevertheless, for

values of £ from 1x10” up to 1x10 no relevant losses are observed. However, for £
higher than 1x10 the separation becomes significantly impaired. The recovery of

nitrogen 99.9 % purity falls from 65.4 % for negligible pressure drop (£ =107), to

16.1 % for a pressure drop corresponding to ﬂ=3><10". Besides, the value of T in

the former case is almost five times higher, corresponding to a module also five times

larger or a feed flowrate five times smaller.

4.1.7. Conclusions

The present work deals with the simulation of nitrogen production from air using a
membrane module set with carbon molecular sieve membranes (CMSM). The
diffusivities of N,, O,, CO, and water vapor on a CMSM made out of cellophane
(Celo550) obtained via gravimetric and permeation experiments were compared. The
values of diffusivity found from the two methods were equal for nitrogen, but
different for oxygen and carbon dioxide. This could be an indication that the dead-end
pores existing in the membrane are not accessible to nitrogen, due to its larger kinetic
diameter, but are acceded by oxygen and carbon dioxide.

Assuming pressure-independent permeability in the simulations led to lower
recoveries than considering pressure-dependent permeability, for the same purity.
The use of a pressure-independent permeability approach would therefore lead to an
erroneous dimensioning of the membrane module.

It was also concluded that higher feed to permeate pressure ratios, generally, favor
the separation of nitrogen, allowing higher recoveries or smaller contact times for a
given purity. In addition, an increase of feed pressure also improves the recovery of
the process, but compromises the purity, for the same feed to permeate pressure
ratio. It was also observed that increasing the pressure drop significantly impairs the
separation. For this reason, pressure drop should be taken into account when
designing the module or preparing the fibers.

A key conclusion of this work is that carbon molecular sieve membranes, prepared

from pyrolysis of cellophane up to 550 °C, allow high purity nitrogen production from
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air with large recoveries (up to 65 % for a purity of 99.9 % and negligible pressure

drop) and using an air feed with 100 % RH.
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4.1.9. Nomenclature

nc

np

Constant (eq.(4.20)), m*s™-bar-mol™-kg
Effective cross section area of the module, m?

Affinity coefficient of Langmuir and SIPS equations, bar™
Total concentration in the gas phase, mol-m™

Concentration of component i in the gas phase, mol-m™
Diffusivity of component i through the membrane, m*s™

Apparent time constant, st

Fractional uptake

Heaviside function

Flux of component i through the membrane, mol-m™s™

LDF rate constant, s™

Permeance of the membrane to component i, mol-m™?-Pa™-s™
Permeability of the membrane to component i, mol-m-m2-Pa™s™
Molar flow rate of component i, mol-s*-m

Number of fibers in the module

Number of components

Number of points

Parameter of SIPS equation

Total pressure, bar
Partial pressure of component i, bar
Concentration of component i in the adsorbed phase, mol-kg™

Saturation capacity, mol-kg™

Space coordinate along the membrane thickness, m

Radius of the membrane fiber, m

Radius of the module’s shell, m

Ratio between feed and permeate pressure
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R Universal gas constant, bar-m*mol ™K

t Time, s

T Temperature, K

u Velocity, m-s™*

X Dimensionless axial coordinate

Y Dry basis molar fraction of component i in the air mixture
y, Molar fraction of component i in the air feed mixture

z Axial coordinate, m

Greek Variables

a, Selectivity of component i towards reference component
£ Dimensionless parameter

£ Module void fraction

r Dimensionless contact time

r' “Contact time”, bar-m*s-mol™

% Constant, mol-m™-bar

A Blockage parameter of Chen and Yang model
u Viscosity of the gas

0 Surface coverage

o, Skeleton density of the membrane, mol kg'1
T, Residence time, s

Subscripts

ref Reference conditions

Superscripts

* Dimensionless

F Feed

R Retentate

P Permeate
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Chapter 5 - General Conclusions and Future
Work

A carbon molecular sieve membrane (hollow fiber) from Carbon Membranes, Israel,
and a carbon molecular sieve adsorbent, from Takeda, Japan, for PSA systems
(spherical particle), have been compared. The objective of this analysis was to better
understand the mass transport mechanism in CMS membranes and relate it to the
material’s structure. The ultramicroporosity was characterized in terms of micropore
volume by the DR approach being for the membrane and adsorbent, respectively,
185.7 and 168.7 cm® kg'; the mean pore widths determined using the relation of
Stoeckli et al. were, respectively, 0.498 nm and 0.514 nm. Accordingly, the
determined micropore size distribution of the hollow fiber membrane was slightly
shifted towards larger values of pore width, in relation to that of the adsorbent
particle. The adsorption equilibrium isotherms and uptake curves of N,, Ar, CO, and
0O, were determined at 29.5 °C, from 0-7 bar. Both materials exhibited similar shapes
for the adsorption equilibrium curves; the experimental equilibrium values of N,, Ar,
and O, were fitted by the Langmuir equation while for CO, the SIPS equation was
used. Concerning the kinetics, different models were employed to fit the uptake
curves in order to obtain the apparent time constants. A diffusion model for a
spherical homogenous particle was applied to fit experimental uptakes of N, and Ar.
However, the fast diffusion of CO, and O, originated non-isothermal effects, implying
the use of an appropriate model. As for the hollow fiber membrane, an isothermal
diffusion model assuming slab geometry was tried. The pressure dependence of the
apparent time constants for the CMS adsorbent followed a Darken-Langmuir relation
for the diffusion of species N,, Ar and O,, while CO,, on the other hand, exhibited a
more pronounced pressure-dependence, following a Do-SIPS relation. The carbon

membrane showed a Darken-Langmuir behavior for the larger species, N, and Ar,
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while for CO, and 0, showed a first increasing and then decreasing pressure-
dependence. This last behavior was well described by a model developed by Chen and
Yang, accounting for blockage effects that might occur inside the ultramicropores. In
the membrane, the pore widths may allow lateral interactions (along the pore radial
direction) of species CO, and O, rather than only axial interactions when two layers of
adsorbed species are formed. When pressure increases the adsorbed concentration
also increases and repulsive interactions between neighboring adsorbates lead to an
enhancement of wall collisions, causing a decrease in diffusivity. In the adsorbent
particle, with slightly smaller pore constrictions, only axial interactions should be
relevant and diffusion followed an increasing pressure dependency. This is probably

the fundamental difference between these two carbonaceous materials.

Contrarily to what was expected, no aging effects were observed due to oxygen
exposure. Despite of that, the behavior towards exposure to water vapor was also
studied and related to the surface chemistry of each material. Since these are
carbonaceous materials, the water vapor adsorption is attributed to the existence of
oxygenated functional groups, where water molecules firstly adsorb. The X-ray
microanalyses confirmed the existence of oxygen in addition to carbon. Water vapor
adsorption and desorption equilibrium isotherms were determined for both materials
at 29.5 °C and a type V behavior was found, with well defined S-shaped curves. The
first slope of the curves was attributed to adsorption around hydrophilic groups
(oxygenated groups), followed by a steepest part, at an intermediate relative pressure
range, related to the clusters’ release from these sites, and finally, the adsorption of
water clusters onto hydrophobic carbon walls. From the comparison between the two
curves for the carbon membrane and carbon adsorbent particle, it was also concluded
that the membrane has a greater hydrophilic character than the adsorbent particle.
This was sustained by TG analyses, which showed a larger content of heteroatoms for
HF CM, and by the significant adsorption at very low pressures. A new model was
developed, accounting for both adsorption and desorption branches; it assumes that
clusters of a generic size are formed. This model fitted the experimental results quite

well for both materials. The adsorption kinetics was assessed for both carbon
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molecular sieve materials and was well described by a LDF model. The different
adsorption rate intervals obtained were related to the distinguishable stages of the
adsorption isotherms.

Carbon hollow fiber membranes based on a co-polyimide P84/S-PEEK blend have
been prepared. The influence of pyrolysis parameters, such as pyrolysis end
temperature, soaking time, and quenching, on the properties of the membranes were
studied and it was concluded that they affect the performance of the membranes.
The highest permeances were obtained for the membranes heated up to 750 °C and
qguenched. The highest ideal selectivities were accomplished for the membranes
submitted up to 700 °C previous to quenching. Furthermore, it was observed that the
membranes quenched after reaching the end of the process revealed higher
permeances than the ones naturally cooled. It was also concluded that the existence
of a final soaking time at the end temperature, just before quenching, did not
improve the performance of the carbon membranes, yielding to lower permeabilities.
No decrease in the performance of the membrane due to CO, exposure was

observed.

A different precursor to prepare CMSM was tried. A commercial film of cellophane
paper has been used, for the first time, to prepare CMSMs by employing one single
heating step. The effect of the pyrolysis end temperature was assessed from 450 up
to 850 °C through scanning electron microscopy, X-ray microanalysis, X-ray diffraction
and monocomponent permeation experiments at 29.5 °C. The permeability versus
kinetic diameter towards He, H,, Ar, N,, CO,, O,, CH; and water vapor exhibited a
molecular sieve mechanism for all the membranes prepared; this was in agreement
with the micropore size distribution obtained for Celo550 (~0.3-0.8 nm).

Furthermore, the membranes revealed good ideal selectivities with separation
performances mostly above the recently revised Robeson’s upper bound for
polymeric membranes. In addition, these membranes were extremely permeable to
water vapor; X-ray microanalysis has shown that the membranes are essentially
carbon-based, with traces of elemental oxygen, justifying the affinity of the carbon

matrix towards water vapor. However, it was checked that carbon membranes
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prepared in this work were not prone to aging effects due to exposure of oxygen or
water vapor, or any other permeant, among the ones studied. Therefore, they can be
considered in relevant industrial applications such as separation of nitrogen from air

or recovery of hydrogen from synthesis gas.

The simulation of nitrogen production from air using a membrane module set with
carbon molecular sieve membranes has been studied. For that reason, a mass transfer
model for hollow fiber membrane module has been used.

To describe the mass transport through the membrane the diffusivities of N,, O,, CO,
and water vapor on Celo550 were experimentally obtained via gravimetric method
and compared to those estimated through permeation experiments. The values of
diffusivity found from the two methods were equal for nitrogen, but different for
oxygen and carbon dioxide. This suggests the existence of dead-end pores not
accessible to nitrogen, due to its larger kinetic diameter, but accessible to oxygen and
carbon dioxide. The values of diffusivity used for modeling were the ones obtained
from the permeation experiments.

The use of a pressure-independent permeability approach in the simulations led to
lower recoveries than the model considering a pressure dependent permeability, for
the same purity, at the conditions studied. The use of a pressure-independent
permeability model would therefore lead to an erroneous dimensioning of the
membrane module.

It was also concluded that, generally, higher feed to permeate pressure ratios (3 up to
10) favor the separation of nitrogen, allowing higher recoveries or smaller contact
times for a given purity. In addition, an increase of feed pressure also improves the
recovery of the process, when dealing with the same feed to permeate pressure ratio.
Increasing the pressure drop significantly impairs the separation. For this reason,
pressure drop should be taken into account when designing the module or preparing
the fibers.

The last conclusion is that carbon molecular sieve membranes prepared from

pyrolysis of cellophane up to 550 °C allow high purity nitrogen production from air
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with large recoveries (up to 65 % for a purity of 99.9 %, for negligible pressure drop)

and using an air feed with 100 % RH.

Making a retrospective on the work developed in the scope of this thesis, the main
difficulties encountered were related with the fragility of the synthesized carbon
membranes. Since, they were all self supported, they were extremely brittle and
difficult to handle. There were problems during their assembly in the membrane cell
for permeation measurements, and there were also problems when submitting the
membrane to a pressure difference. Attempting to overcome this mechanical
handicap, two different approaches for carbon-based supports are being developed.
As a start, disks of composite cellulose pulp (Gescartdo SGPS, SA) were prepared for
being pyrolyzed and serve as support for the cellophane-based carbon membranes; it
is expected that both the support and the selective precursor will shrink similarly
during the pyrolysis step, since they are both made of cellulose. More details can be
found in Appendix C.

This study was initiated but not finished, and therefore it should be a direction to take
in a future research. These supports may be submitted to thermogravimetric analysis,
e.g., proximate analysis, to assess the yield of inorganic ashes and fixed carbon.
Depending on the fixed carbon resultant of pyrolysis, the addition of a selective layer
should be discussed and studied. Different approaches of carbon membranes may be
studied, beyond cellophane, as a precursor for the selective film. Furthermore,
additional CVD/activation steps might be an option or even the coating of a polymeric
solution over the composite cellulose support. Further thermal analysis may be
performed with TG to optimize the temperature conditions in scale-up — pyrolysis in

the furnace.

The second approach targets the impregnation of «- and/or y-alumina in the

polymeric solution. In fact this work is also already being developed. Different types

of polymers, such as, polyfurfuryl alcohol and phenolic resin are being tried. The
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membrane film should be cast from the alumina/polymer solution, pyrolysed and

characterized.

Finally, it is also suggested to proceed with the work initialized in the first part of
Chapter Il. This work was performed at MTG, Twente, and this could be a great
opportunity to continue with the collaboration between the two research labs. In fact,
P84/S-PEEK blends have the possibility to incorporate different types of metals, so
that the resultant membrane gains affinity to certain permeating species. Since the
methodology for determining the influence of the pyrolysis parameters on the
performance of the membranes has been established, the incorporation of metals in

the precursor blend can be studied systematically.
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Appendix A - Internship at MTG

A.1. Preparation of flat sheet carbon molecular sieve membranes

This work was performed at MTG, University of Twente, The Netherlands, during a
three months’ internship. The objective of this visit was to learn how to prepare
carbon membranes for gas separation, so that a synthesis set-up could be lately

designed and assembled at LEPAE.

A.1.1. Preparation of the precursor

Flat membranes were prepared starting from a 13 % wt solution of a co-polyimide
P84 in NMP. This solution was used to cast 20 um thick dense films. Flat membranes

with a diameter of about 46 mm have been cut out of these films.

A.1.1.1. Pyrolysis

Carbon membranes were produced by pyrolysis of these films under a N, atmosphere
in a furnace, following a temperature history program mentioned in Chapter lll,
section 3.1. These flat films were pyrolysed until different end temperatures, 600, 700

or 800 °C.

A.1.1.2. Permeation

Permeation experiments were performed for N,, He, CO, and O, at 35 °C, with a feed
pressure of 2 bar and vacuum in the permeate side.

Figure A.1 represents the permeability towards N,, O,, He and CO, of the flat sheet
membranes synthesised up to 600 °C and the permeability of a carbon membrane
from a P84 co-polyimide precursor obtained by Jonathan Barsema [1], referred in the

figure as MP 600.
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Figure A.1. Permeability towards N,, O,, He and CO, at 35 °C of carbon flat sheet membranes
(1 Barrer=7.5x10"® m’y m m?s™ pa™).

Table A.1 presents the selectivities for all the pair of gases considered.

Table A.1 - Ideal selectivities for flat carbon membranes at 35 °C.

Membrane o 02/N2 o COZINZ o HE/OZ o COZ/OZ o HE/COZ

CM 600 1 6.9 254 3.3 3.7 0.9
CM 600 2 1.5 5.5 3.9 3.7 11
MP 600 [1] 9.3 354 6.2 3.8 1.6

According to Figure A.1 and Table A.1 it is noticed that CM 600 1 and 2 have different
performances although the precursor and pyrolysis’ parameters have been the same
for both membranes. This qualitative comparison between these two membranes
indicates that it was difficult to obtain reproducible characteristics with the
synthesized membranes. The membranes prepared up to 700 and 800 °C broke when
assembled into the membranes cell, and could not be tested. This work allowed to
realise the importance and difficulties for preparing a homogenous flat film, and

consequently, homogenous and reproducible carbon membranes.
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A.1.2. Conclusions

Carbon membranes (flat sheets and hollow fibers) were synthesized by pyrolysis in a
N, atmosphere. However, it was not possible to obtain reproducible performances for
these membranes and so the results are not conclusive. Moreover, flat sheet

membranes were very difficult to prepare due to their extreme brittleness.

A.1.3. References

[1] J. Barsema, Carbon Membranes - Precursor, preparation and functionalization,
Enschede, PhD Thesis, 2004
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Appendix B - Experimental Set-ups

B.1. Synthesis set-up for CMSM

B.1.1. Design of the synthesis set-up at LEPAE

For producing carbon membranes a furnace with a temperature controller was

assembled. To control the gas atmosphere passing through the quartz tube located

inside the furnace, a panel equipped with flowrate controllers has been sketched

(Figure B.1) and designed in real scale in AutoCAD (Figure B.2).
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Figure B.1 — Schematic representation of the control panel of the furnace’s feed gases.
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192

Figure B.2 — AutoCAD sketch of the control panel of the oven’s feed gases.
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Experimental Set-ups

Figure B.3 and Figure B.4 provide an overview of the set-up assembled in the lab.

> 7 el
Figure B.4 — Global view of the CMSM pyrolysis set-up.

B.1.2. Data acquisition program — based on LabView

The data acquisition and monitoring was performed using a LabView programming
interface specifically developed to this system. This program is able to control the

furnace and the feeding gases. Figure B.5 illustrates the program developed.
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Figure B.5 — Program developed for controlling the furnace and feeding gases.

The settings of the temperature controller (Shimaden, MR13) can be manually
modified and activated but it would be undoubtedly easier and worthy to control the
furnace exclusively with the computer, via the RS232 port in the controller. The
controller of the furnace allows storing in memory the PID parameters for three
different temperatures, making possible to have in the same temperature history the

most recommended PID values. The program was improved for simplifying

procedures and saving time (Figure B.6).
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Figure B.6— Program developed for controlling the furnace - PID parameters input.
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B.1.3. Preliminary experiments
B.1.3.1. Study of the flow pattern on the quartz tube — O, breakthrough experiments

The synthesis set-up is prepared to operate under several different atmospheres, i.e.
nitrogen, oxygen, hydrogen and others. Therefore, strict safety procedures are
required when dealing with hydrogen and oxygen. The upper explosive limit for
hydrogen is 74.8 % in air, which means that the tube has to be cleaned by an inert gas
down to a residual concentration of 5.5 % in oxygen. However, in order to decrease
the risk of any accident, this value will be decreased down to 0.5 %. In practical terms
these conditions will be assured by controlling the flowrate and feeding time of the
inert gas to the tube.

Another important issue is the effect of oxygen during pyrolysis. Thus, this residence
time is also important to assure that no undesired reactions occur between oxygen
and the substrate.

Step perturbation tracer experiments have been performed at 300 °C and an axially
dispersed plug flow model [1] was found to successfully fit to the experimental data.

The following equation represents the referred model.

7Pe(r—t)2

4zt
¢ ‘Nehe dt (B.1)

—=1-| ——e
Co 02\/ﬂt3

Figure B.3 represents graphically the experimental breakthrough curves.
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Figure B.7 — Oxygen mole fraction history to a step perturbation of nitrogen to the quartz tube
at 300 °C.
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Fitting the model to the experimental results, Peclet number, Pe, and mean residence

time, 1, were determined and presented in Table B.1.

Table B.1 - Model parameters.

Q(mLymin®)  Pe  1(s)

500 1.9 533
1000 2.0 276
1500 2.2 188

A very high axial dispersion was observed, indicating a flow pattern approaching the
perfectly mixed behavior. This means that there should be no stagnant areas where
e.g. oxygen may accumulate. From the model and for a 1 Ly/min feed flowrate, the

cleaning time should be 40 min at 300 °C.

B.1.3.2. Evaluation of the temperature profiles in the quartz tube

The furnace has three heating elements, each one with an independent control
action. Three thermocouples placed in each heating element measure the
temperature, Timace, Which is forced to reach the desired set-point. These
thermocouples are located near the heating element, outside the quartz tube. For low
temperatures, around room temperature, radiation phenomena are not very relevant
and for that reason the temperature inside the quartz tube, T, is not very different
from the temperature indicated near the heating elements. However, as the
temperature increases, radiation becomes more significant leading to an increase of
the temperature inside the quartz tube. So, as the pyrolysis occurs inside the quartz
tube, T.a, is the variable of the process that has to be controlled. Though, a priori
calibration of the temperature was done. For this, a clean K type thermocouple was
introduced inside the quartz tube, as shown in Figure B.8, measuring the real

temperature which corresponded to several set-points imposed from room
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temperature up to 600 °C. A linear regression was found relating Trynace and T,ea and is

represented by Eq. (B.2):

T,ee = 0.9287  —24.674 (B.2)
Guuartz tube
Thermocouple
a
AA, el AAN,
Heating element Hesting elemernt
ooooo
Corntraller

Figure B.8— Scheme of the furnace with three independent heating zones and the probing
thermoucouple.

B.1.3.3. Evaluation of the best tray

At first a quartz tray made has been used to introduce the precursors inside the
guartz tube to pyrolyse them. A quartz tray is inert and for this reason should provide
a good support. Disks of P84 films brought from MTG (Twente University, The
Netherlands) were introduced inside the quartz tube placed over this quartz tray.
Unfortunately, all the attempts failed — the resulting carbon membranes broke in
many ways, because of their extreme brittleness. The same conditions used at MTG’s
furnace were used in the set-up at LEPAE, except for the tray, which was originally a
stainless steel grid, instead of a dense quartz tray. So, perhaps the quartz tray was in
the origin of this increase in brittleness that was not observed before with a grid. In
fact with a dense tray made of quartz, the heat transmitted to the membrane occurs
by convection at the top and by conduction at the bottom of it. As the quartz has a
high thermal conductivity, this may originate a temperature gradient in the
membrane and cause internal tensions leading to a higher brittleness. As referred
elsewhere, [2] a grid of stainless steel was chosen and better results were achieved, in

terms of brittleness.
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B.2. Permeation set-up
B.2.1. Pseudo-steady state — pressure increment method
A new setup for measuring the permeability of the membranes towards water vapor

was designed assembled and tested. This set-up up was used to characterize the

cellophane-based carbon membranes presented in the second part of Chapter Ill.

Legend:

1 - Vessel with liquid water.
2 — Vessel with water vapor.
3 — Permeation cell.

4 —Vacuum pump.

Figure B.9 — Picture of the pressure increment method setup.

As the temperature controls the water vapor pressure it is necessary a temperature
control system. Also the valves’ system was designed to be handled without opening

the thermostatic cabinet in order to avoid condensation.
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Figure B.10 — Pressure increment method set-up — valves system.

A program for data acquisition was developed as illustrated in Figure B.11.
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The data acquisition is done using a LabView program specially developed for this set-

up.
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B.2.2. Steady state — flowrate method
B.2.2.1. Carbon flat sheet membranes

The experimental set-up was placed in a thermostatic cabinet, also in-house

assembled, and based on a domestic freezer, as shown in Figure B.12.

Feed tank

Domestic freezer

Test cells

Fan heater

/

Figure B.12 — Steady stéte, flowrate method set-up.

A data acquisition program was also developed based in LabView language - Figure

B.13. The pressure and the flow rate values are read by this program.

200



Experimental Set-ups

ote_Tooks Growse Window tep

][]

Jalimentacao Jpermeado
0.000 o000 |

Tempo (s) Tempo (s)

Figure B.13 — Data acquisition program (LabView).

B.2.2.2. Carbon membrane monoliths

The company Blue Membranes provided monolithic like membrane modules as

shown in Figure B.14. These were ceramic supports coated with a selective carbon

layer.

MBR—3910-CA—KT1

Figure B.14 — Monolith sent by Blue Membranes, Germany, on the left; top view of the
monolith glued very each row. The blue line represents feed going in.

The effective membrane permeation area for the suggested flow configuration is
1 m?*/dm?, and the module should work according to Figure B.15. The attempts to

assemble the monolith into a membrane module for permeation experiments can be

followed in the sequence of Figure B.16.
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Figure B.15 — Flow configuration for the monoliths.
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Figure B.16 — Sequence of steps to assemble the monolith module.

In the final stage of the sequence, the module was introduced in the permeation set-
up provided in the previous sub-section, replacing the cell for flat sheet membrane.
However, the modules were defective and highly permeable to SF6, and thus not

selective.
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B.3. Adsorption set-up — gravimetric method

B.3.1. Modification and enhancement of the magnetic suspension balance set-up

The adsorption studies were conducted in a magnetic suspension balance already
assembled for sorption studies with permanent gases, with a pressure sensor in the
range of 0-7 bar. However, it was adapted by the author, namely a second pressure
sensor in the range of 0-350 mbar was installed, for obtaining the water vapor

isotherms and uptake curves.

Legend:

1 - Tank with water
2 — tank with vapor
3 - 0-350 mbar
pressure sensor

4 — heating plate

5 —vacuum pump

Figure B.10 — Picture of the magnetic suspension balance adapted for operation with water
vapor.
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Appendix C - Supports for CMSM

C.1. Cellulose composite support

To attain carbon membranes with increased mechanical strength, cellulose based
supports are trying to be developed. Thus, inorganic fibers were incorporated in two
types of cellulose pulp at Gescartdo SGPS, SA (see samples in Figure C.1).

One type was based only in a pulp of virgin fibers and the other based on a mix of
treated fibers. Also three different densities of final paper were prepared. In each
category different amounts of inorganic fibers were incorporated. Table C.1

psummarizes all the membrane supports prepared.

Table C.1 — Membrane supports made of kraft paper with inorganic fibers.

% Pulp of virgin fibers Pulp of treated fibers
Inorganic 60 120 300 60 120 300
fibers (gem?)  (gem?) (gcm?) (gem®)  (gem®)  (gem?)
10 X X X X X X
20 X X X X X X
30 X X X X X X
40 X X X X X X
50 X X X X X X

Figure C.1 — Example of supports made of cellulose+50 % inorganic fibers: pulp of virgin fibers
(F.V.) and of treated fibers (F.M.); 1, 2 and 3 correspond to 60, 120 and 300 g cm™ paper
densities.
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