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Abstract

Gas separation/purification by membrane processes is a very challenging research
area since membranes should display high adaptability, high reliability, low energy
consumption and low capital cost, operation and maintenance. Presently, polymers are
the dominant materials used for membranes fabrication due to easy processability and
adequate permselectivity for many gas pairs; however, polymeric membranes face an
“upper bound” limitation and plasticization issues in aggressive streams.

Carbon molecular sieve membranes, formed by thermal decomposition of a
polymeric precursor, have been promoted as energy-efficient candidates for gas
separation due to their high selectivity, permeability and stability in harsh chemical
conditions. Carbon molecular sieve membranes have a highly aromatic structure
comprising sp? hybridized carbon sheets packed imperfectly with larger micropores
connected by smaller ultramicropores. Nevertheless, these membranes have not yet
made into commercial products mainly because to a significant decrease in
performance when exposed to humidity and/or oxygen, and poor mechanical strength.

The present thesis targets the development and characterization of carbon
molecular sieve membranes with high separation performance, no pore blocking effect
when treating humidified gas streams and showing minimal oxygen chemisorption.

Supported carbon molecular sieve membranes were successfully prepared by a
single step dip coating process of a composite dispersion on alpha-alumina supports
and subsequent carbonization at 500 °C and 550 °C; the composite dispersion was
prepared by loading boehmite nanoparticles in a resorcinol-formaldehyde resin. The
influence of the carbonization end temperature on the structure, morphology and
performance of the membranes was examined by scanning electron microscopy,
thermogravimetric analysis, CO, adsorption and permeation to N, O,, He, Hand CO..
The membranes revealed good ideal selectivities, with separation performances above

the Robeson’s upper bound for polymeric membranes.




Novel carbon molecular sieve membranes that do not show any noticeable pore
blockage when treating humidified streams with up to ca. 80 % relative humidity were
described for the first time; they were prepared from commercial cellophane sheets
(regenerated cellulose), a renewable low-cost precursor. The obtained membranes
showed a mostly linear water vapor adsorption isotherm, characteristic of a
homogeneous distribution of hydrophilic sites on the pore surfaces, allowing for water
molecules to hop continuously between sites and avoiding the formation of pore-
blocking water clusters. Moreover, these membranes displayed high mechanical
flexibility and extraordinary separation performance characteristics being situated far
above Robeson’s upper bound. These results represent a great contribution for
bringing this type of membranes to a commercial level.

Cellophane is being produced for more than a century by the viscose process,
which uses a metastable solution of cellulose xanthogenate with hazardous byproducts
and generates two kilograms of waste per kilogram of cellulose obtained. lonic liquids,
as a new type of environmentally “green solvents”, represent a promising alternative
to the viscose process. Regenerated cellulose-based carbon molecular sieve
membranes were successfully prepared using an ionic liquid process to dissolve
cellulose. Robeson’s upper bound for polymeric membranes was overtaken by the
obtained carbon molecular sieve membranes regarding 0,/N,, He/N, and Hy/N,
separations; besides, permeation experiments performed with oxygen and nitrogen
with ca. 80 % relative humidity showed no performance decrease demonstrating that
these membranes are stable in the presence of water vapor. These promising results
open the doors for the preparation of tailor made precursors able to provide carbon

molecular sieve membranes with high separation performance and stability.




Sumario

A separacdo/purificacdo de gases por processos de membrana é uma area de
investigacdo muito desafiante uma vez que as membranas prometem apresentar
elevada adaptabilidade, elevada confiabilidade, baixo consumo de energia e baixo
custo de capital, de operacdo e de manutengdo. Atualmente, os polimeros sdo os
materiais dominantes na prepara¢ao de membranas devido ao seu facil processamento
e a sua adequada permselectividade para varios pares de gases; no entanto, as
membranas poliméricas enfrentam uma limitagdo de “limite superior” bem como
problemas de plastificacdo em fluxos agressivos. As membranas de peneiro molecular
de carbono, formadas a partir da decomposicdo térmica de um precursor polimérico,
tém sido promovidas como candidatas eficientes em termos energéticos para a
separacdo de gases devido a sua elevada seletividade, permeabilidade e estabilidade
em condi¢Ges quimicas severas. As membranas de peneiro molecular de carbono tém
uma estrutura altamente aromatica compreendendo folhas de carbono na hibridizagdo
sp? acondicionadas imperfeitamente com microporos conectados a ultramicroporos.
No entanto, estas membranas ainda nao foram comercializadas principalmente devido
a diminuicdo significativa no seu desempenho quando expostas a humidade e/ou
oxigénio, e devido a sua baixa resisténcia mecanica.

A presente tese visa o desenvolvimento e caracterizacdo de membranas de
peneiro molecular de carbono que apresentem elevados desempenhos de separacao,
nenhum efeito de bloqueio de poros ao tratar fluxos gasosos humidificados e minima
guimissorcao de oxigénio.

Foram preparadas com sucesso membranas de peneiro molecular de carbono
suportadas a partir de um processo de revestimento por imersdo de uma dispersao
compdsita em suportes de alfa-alumina com posterior carbonizacdo a 500 °C e 550 °C;
a dispersdo compdsita foi preparada a partir de uma resina resorcinol-formadeido com
nanoparticulas de boemite. A influéncia da temperatura de carbonizacdo na estrutura,

morfologia e no desempenho das membranas foi examinada por microcopia eletrénica




de varrimento, analise termogravimétrica, adsor¢ao do CO; e permeacdo ao N, O;, He,
H, e CO,. As membranas exibiram boas seletividades ideais, com desempenhos de
separac¢do acima do limite superior de Robeson para membranas poliméricas.

Membranas de carbono que nao apresentam um evidente bloqueio de poros ao
tratar fluxos humidificados até cerca de 80 % de humidade relativa foram descritas pela
primeira vez; estas membranas foram preparadas a partir de folhas de celofane
comercial (celulose regenerada), um precursor renovavel de baixo custo. As
membranas obtidas apresentaram uma isotérmica de adsorcdo do vapor de agua
praticamente linear, caracteristica de uma distribuicio homogénea dos locais
hidrofilicos nas superficies dos poros, permitindo as moléculas de agua pularem
continuamente entre estes locais e evitando a forma¢do de aglomerados de agua
responsaveis pelo bloqueio dos poros. Além disso, estas membranas mostraram
elevada flexibilidade mecanica e extraordindrios desempenhos de separagao,
posicionados muito acima do limite superior de Robeson. Estes resultados representam
um grande contributo para trazer este tipo de membranas a um nivel comercial.

O celofane é produzido ha mais de um século pelo processo viscose, o qual usa
uma solucdo metaestavel de xantogenato de celulose com subprodutos perigosos e
origina dois quilos de lixo por cada quilo de celulose obtido. Os liquidos idnicos, como
um novo tipo de “solventes verdes”, representam uma alternativa promissora a
viscose. Membranas de peneiro molecular de carbono a base de celulose regenerada
foram preparadas com éxito usando um liquido idnico para dissolver a celulose. O limite
superior de Robeson para membranas poliméricas foi ultrapassado pelas membranas
de peneiro molecular de carbono obtidas no que respeita as separacdes 02/N», He/N,
e Ha/Ny; além disso, testes de permeacdo realizados com oxigénio e azoto com cerca
de 80 % de humidade relativa mostraram que as membranas ndo sofriam uma queda
no seu desempenho, demonstrando a sua estabilidade na presencga de vapor de agua.
Estes resultados promissores abrem a porta para a prepara¢ao de precursores feitos
por medida que sdo capazes de originar membranas de peneiro molecular de carbono

com elevados desempenhos de separacdo e estabilidade.
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Chapter 1 — Introduction

In the last few decades membranes have evolved from a research topic to a
mature industrial separation technology.

Describing a little of the history of the use of membranes, the development of
high-flux anisotropic membrane modules for reverse osmosis applications occurred in
the late 1960s and early 1970s. Permea (now owned by Air Products and Chemicals)
adapted this technology to gas separation and in 1980 launched the first industrial
application. The commercialized polysulfone hollow-fiber membranes were an
immediate success, especially for the separation and recovery of hydrogen from purge
gas streams of ammonia plants. From this moment, Dow, Cynara, Separex and Generon
followed the footsteps of Air Products and Chemicals and soon membranes of cellulose
acetate for carbon dioxide removal from natural gas became commercial, as well as for
producing nitrogen from air [1]. Later, Ube Industries Ltd addressed the hydrogen
separation from hydrocarbons using polyimide hollow fiber membranes. Nowadays,
Ube Industrials also produces these membranes for air dehumidification and nitrogen
production from air. Currently, Air Liquide fabricates hollow fiber membranes (based
on DuPont’s fiber spinning technology) for carbon dioxide removal, hydrogen
purification and air separation [2]. A milestone chart summarizing the development of

membranes for gas separation is displayed in Figure 1.1.
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Figure 1.1. Milestones in the development of membrane gas separations (adapted from [3]).

Membrane technology for gas separations has been growing ever since, and by
2013 membrane-based gas separation market was $218 million and is projected to
grow at a CAGR (Compound Annual Growth Rate) of 9.0 % from 2014 to 2019
(Figure 1.2) [4]. Most commercially available hollow fiber membranes for gas
separation are made from materials developed in the 1980s, where the polymers

reached the threshold technological level for that applications.
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Figure 1.2. U.S. market for membrane products used in gas separation (2002-2019) [4].

A small number of polymeric materials has been used to produce around 90 % of
the total installed gas separation membrane based. Table 1.1 presents a list of the main

gas separation markets and the corresponding membrane materials.
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Table 1.1. Gas separation markets and used membrane material (adapted from [5]).

Market

Membrane material

Nitrogen/air
Hydrogen separation

Polysulfone
Polyimide/polyaramide
Polyimide

Tetrabromo polycarbonate

Natural gas separations
Carbon dioxide/methane

Cellulose acetate

Vapor/gas separation
Air dehydration

Polyphenylene oxide
Polyimide
Silicone Rubber

1.1. Membranes

The most important component i

in any membrane separation process is the

membrane itself. A membrane can be defined as a thin permselective barrier between

two streams, with certain permeabi

lity and selectivity towards one or more

components of a mixture [6, 7]. A schematic representation of a simple gas separation

membrane process is shown in Figure 1.3. The feed stream, at high pressure, gets in

contact with the membrane in a membrane module. Then, the more permeable

gaseous species permeate preferentially across the membrane and are accumulated in

the so-called permeate flow.

Feed ‘ o
— o @)

) ® Retentate

@ —

®
7 7
///////j/ 7/, Membrane

v

Permeate

Figure 1.3. Basic representation of a membrane process.
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The driving force for species permeate may be in the form of concentration
difference, temperature difference or an electrical field. Normally, in gas separations,
the driving force is the partial pressure difference.

Membranes can be classified by their nature as biological or synthetic. Synthetic
membranes can be subdivided into mixed matrix, polymeric and inorganic membranes.
Figure 1.4 presents a scheme of the general classification of membranes.

According to the International Union of Pure and Applied Chemistry (IUPAC),
membranes can also be classified according to their pore dimensions as macroporous,
mesoporous, microporous and dense membranes. Macroporous membranes present
pore diameters above 50 nm, mesoporous display pore diameters between 2 and 50
nm, microporous have pore diameters between 0.3 and 2 nm and finally dense
membranes present pore diameters below to 0.3 nm. Membrane morphology,

structure and chemistry determines the separation mechanism and performance [7].

Membranes
[ i
Biological Synthetic
| 1
Polymeric Inorganic Mixed Matrix
|
| Dense | | Porous] I 1 | Dense | | Porousl
Dense Porous
* Palladium * Alumina
* Silver * Silica
* Zirconia *  Zeolite
* Nickel * Carbon
[
Asymmetric Symmetric

Figure 1.4. Scheme of a general classification of membranes.
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1.1.1. Polymeric membranes

The most commonly used membranes in gas separation are polymeric. This is
mainly due to the availability of different types of relatively low-cost polymers that can
be easily processed into a membrane with good separation performance and sufficient
permeation [8]. The polymers commonly used are cellulose acetate, cellulose
triacetate, polyimides, polyamides, polycarbonate, polysulfone, polydimethylsiloxane
and polymethylpentene [9]. Polymeric membranes are usually produced using the
phase inversion method, the solvent evaporation method or the interfacial
polymerization and can be subdivided in two categories: glassy and rubbery
membranes [10, 11]. Glassy membranes are used at temperatures below the glass
transition temperature and, normally, have relatively high selectivity and low
permeability. Rubbery membranes are used at temperatures above the glass transition
temperature and possess normally high permeability and low selectivity [10, 11].

Despite polymeric membranes are the most commonly used membranes in gas
separation, they are not suitable for harsh environments such as those prone to
corrosion and high temperatures. Besides, they have high sensitivity to swelling and
compaction [8]. As a result, inorganic membranes have rapidly received global
attention in being considered as one of the potential candidates to replace polymeric

membranes.

1.1.2. Inorganic membranes

The interest in the development of inorganic membranes is related to their
normally better selectivity and thermal and chemical stabilities, despite their higher
price. Inorganic membranes are divided in two major categories based on their
structure: porous membranes and dense membranes. Dense inorganic membranes
have low permeability, which limits their use in industrial applications, and as a result
more interest has been grown for developing porous inorganic membranes [12].

Among these membranes, attention has been focused on molecular sieve materials
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such as zeolites, silica and carbon. Silica-based membranes have good selectivity to
hydrogen/nitrogen mixtures, but their selectivities for similar size molecules (such as
0O, and N;) are low [13]. Zeolite membranes display high chemical, thermal and
mechanical stabilities and are able to separate isomers. However, it is difficult to obtain
large, crack-free zeolite membranes [13] and, as a result, these membranes have low
selectivities. Carbon molecular sieve membranes have very attractive characteristics
such as superior thermal resistance, chemical stability in corrosive environments, high
permeabilities as well as excellent selectivities when compared to polymeric and other
inorganic membranes [14]. As a result, carbon molecular sieve membranes have

emerged as promising candidates for gas separations.

1.1.3. Mixed matrix membranes

Mixed matrix membranes contain a bulk continuous phase with dispersed
inorganic particles. Inorganic fillers act to create preferential permeation pathways for
selective permeability while posing a barrier for undesired permeation improving the
separation performance [15]. Using properties of both organic and inorganic phase,
membranes with good permeability, selectivity, mechanical strength, processability
and thermal and chemical stability can be prepared [16]. Many inorganic materials have
been used in the preparation of mixed matrix membranes including zeolites [17, 18],
carbon molecular sieves [19], activated carbons [20], mesoporous materials [21, 22],
non-porous silica [23], fullerene [24], graphite [25], carbon nanotubes [26] and metal
organic frameworks [27]. The common polymeric materials used include polysulfones,
polycarbonates, poly(arylketones), poly(arylethers) and polyimides [28]. A harmonizing
combination of inorganic materials and polymers and the elimination of interfacial
defects between the two phases play an essential role on the final separation
properties of the membranes. It is also important to control the filler concentration,

shape and dimensions to reach the expected performance [2]. Mixed matrix
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membranes offer, so, very interesting properties. However, their cost and difficulties

for commercial scale manufacture remain important challenges [2].

Table 1.2 shows a brief comparison between polymeric, inorganic and mixed

matrix membranes.

Table 1.2. Comparison between polymeric, inorganic and mixed matrix membranes (adapted from [29]).

Polymeric Inorganic

Mixed matrix

Present in either rubbery

or glassy type.

Polymer is more rigid and Made from inorganic-
hard in glassy state, and  based materials.
more soft and flexible in

rubbery state.

Characteristics

Contain a bulk
continuous polymeric
phase with dispersed
inorganic particles.

High chemical and

Easy to process. thermal stability.
Advantages Low production cost. Separation
Robust handling. performance above

Robeson upper limit.

High chemical and
thermal stability.
Excellent mechanical
strength.

Separation
performance above
Robeson upper limit.
Robust handling.

Can be irreversibly
swollen or plasticized
when exposed to CO: or
Disadvantages hydrocarbons.
Susceptible to corrosion
and do not support high
temperatures.

Brittleness.

High production cost.

High production cost.

Commercial membrane applications are vast and have expanding during last two

decades in industries such as natural gas processing, air separation, landfill gas

recovery, among many others. Table 1.3 presents examples of commercial membrane

applications and major suppliers [30].
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Table 1.3. Commercial applications and current major suppliers of membrane for gas separation [30].

Gas separation

Commercial application

Current supplier

Nitrogen generation

Permea (Air Products),
Generon (IGS), IMS (Praxair),

02/N2 . N
Oxygen enrichment Medal (Air Liquide), Parker Gas
Separation, Ube
Refinery hydrogen Air Products, Air Liquide,
Hz/hydrocarbons )
recovery Praxair, Ube
. . Air Products, Air Liquide,
H2/CO2 Syngas ratio adjustment .
Praxair, Ube
. Air Products, Air Liquide,
H2/N2 Ammonia Purge gas .
Praxair, Ube
Acid gas treatment .
. Cynara (NATCO), Kvaerner, Air
CO2/CH4 Enhanced oil recovery
. . Products, Ube, UOP (Separex)
Landfill gas upgrading
. NATCO, Kvaerner, Air Products,
H2S/hydrocarbon Sour gas treating
Ube, Separex
H20/hydrocarbon Natural gas dehydration Kvaerner, Air Products
. . . Air Products, Parker Balxston
H20/air Air dehydration

Ultratroc, Praxair

. Pollution control .
Hydrocarbons/air Borsig, MTR, GMT, NKK

Hydrocarbon recovery

Hydrocarbons from Organic solvent recovery .
Borsig, MTR, GMT, SIHI

process streams Monomer recovery

Separation processes require a membrane with both high selectivity and high
permeability. However, Robeson [31, 32] showed that there is a trade-off between
permeability and selectivity, i.e., when the selectivity increases, permeability decreases
and vice-versa. The validity of the Robeson upper bound curve was demonstrated for a
large number of polymeric membranes [31, 32]. As a result, the production of
membranes that surpass the upper bound and achieve high selectivity while
maintaining reasonable permeability still presents a major challenge in the membrane

field.

10
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1.2. Gas Separation Mechanisms

For porous membranes the permeation occurs mainly through the pores, while for
a dense membrane the permeation is through the bulk of the membrane material.
When permeation involves transport along ultramicropores (diameters between
0.35 and 0.7 nm), the species permeate in the adsorbed form. For dense membranes,
the sorption/diffusion mechanism is the most commonly used for describing the mass
transport [33]. In this mechanism, a gas molecule adsorbs at the feed side surface
followed by diffusion through the bulk, and finally it desorbs at the other side of the
membrane [33, 34].

In porous membranes, four types of mechanisms describe the mass transport:
viscous flow, Knudsen diffusion, surface diffusion and molecular sieving (Figure 1.5).
The mass transport of a gas through a porous inorganic membrane depends on their
pore morphology and surface chemistry. From Figure 1.5 it can be observed that
viscous flow dominates in the largest pores and yields no separation whereas molecular
sieving mechanism yields a highest selectivity at the smallest pores. For a membrane
with micropores, the permeation can be quite high if the membrane shows a very

narrow pore size distribution and if it has a high porosity.

Viscous flow - Viscous flow occurs essentially in pores larger than 50 nm where
intermolecular collisions are predominant; these collisions result in an overall pressure
drop along the membrane and the transport occurs due to the establishment of a
pressure difference between the two sides of the membranes. In this case, there is no

selectivity [33].

Knudsen diffusion - Knudsen diffusion occurs when the pore diameter (2-50 nm) is
around or smaller than the mean-free path of the gas; species collide more frequently
with the pore walls than with each other. The selectivity, obtained by the square root

of the reciprocal ratio between the molecular mass of the species, is low [35, 36].

11
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Viscous flow

Bl Rt Pt P o

Increasing selectivity

Increasing pore size

Molecular sieving

Figure 1.5. Mechanisms for permeation of gases through porous membranes.

Surface diffusion - Surface diffusion occurs when one of the gas molecules adsorbs on
the pore (0.5-2 nm) walls of the membrane and migrates along the surface. Different
species exhibit different adsorption rates on the surface of the pore which affects the
diffusion rates along the same surface: the more adsorbable molecules permeate faster
through these pores, while the transport of species with lower affinity to the surface

walls is more difficult [37].

Molecular sieving - Molecular sieving occurs when the pores have sizes close to those
of the permeating species (0.3-0.5 nm). For small enough pore sizes only the smallest

gas molecules can permeate through the membrane while bulkier species are retained

12
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[13]. This regime is characterized by its high selectivity and low to moderate flux.

Carbon molecular sieve membranes exhibit this type of gas transport [13, 38, 39].

1.3. Carbon Molecular Sieve Membranes

Carbon can form different structures with different properties — carbon allotropes.
The main reason for this diversity is the presence of four outer electrons capable of
multi-bondings: sp-linear; sp?-ring and sp3-diamond [40]. Figure 1.6 shows a schematic

representation of sp, sp? and sp>orbital configurations.

sp? sp? sp

Figure 1.6. Schematic representation of sp, sp? and sp3 orbital configurations (adapted from [41]).

The three molecular configurations of carbon are amorphous carbon, graphite and
diamond, as shown in Figure 1.7. Graphite is the most thermodynamically stable phase
of carbon at standard conditions and is a typical example of sp? hybridized crystal
structure. Graphite has a layered, planar structure (Figure 1.7-C). In each layer, the
carbon atoms are arranged in an hexagonal lattice with a distance of 0.142 nm between
each other and with a distance of 0.335 nm between the layers [41]. These layers are
arranged above each other in an offset ABABAB configuration and the carbons in the

adjacent layers are bonded by van der Waals forces [40].

13
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Figure 1.7. Molecular configuration of (A) diamond structure, (B) amorphous carbon structure, (C)
graphite structure (adapted from [42]).

Franklin [43, 44] classified carbons in two types, based in their graphitizing
ability: graphitizable and non-graphitizable. Graphitizable carbons are structures that
upon heating may become graphitic featuring graphene layers stacked in ABABAB
sequence. Non-graphitizable carbons never graphitize even upon heating [40]. In these
group of carbons the graphene planes cannot rearrange to form a graphitic structure
because so many bonds would need to be broken simultaneously that the activation
energy becomes too high.

Carbon molecular sieve membranes (CMSM) are made of essentially
non-graphitizable porous carbons. CMSM have been studied for more than 30 years as
promising membranes for gas separation. CMSM are prepared by carbonization of
polymeric-based precursors under controlled inert atmosphere [45, 46]. After the
carbonization step, CMSM displays a highly aromatic structure comprising disordered
sp? hybridized carbon sheets packed imperfectly [47]. Pores are formed from packing
imperfections between microcrystalline regions in the material as shown in Figure 1.8;
the CMSM structure is called as turbostratic and described as “slit-like” with a bimodal
pore size distribution with larger micropores connecting ultramicropores [34, 48]
(Figure 1.8). Micropores provide sorption sites while ultramicropores (called
constrictions) enable molecular sieving, making CMSM both highly permeable and

highly selective - a distinct characteristic of these materials.

14
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Ultramicropore

Figure 1.8. Carbon molecular sieve membranes “slit-like” pore structure: (A) sp? hybridized carbon
sheets, (B) real high-resolution transmission electron micrograph of a CMSM.

At the constricted apertures, gas molecules are confined to the space between
two carbon walls and subjected to a potential field [49]. Figure 1.9 schematizes the
relative potential of a molecule within a pore or a constriction. If the pore is large
enough, there is no overlap of the potential associated to the opposite walls (case A);
as the pore aperture gets narrower the overlapped potential crosses a minimum
(maximum adsorption energy, case B) until becomes positive and the pore becomes
impermeable to the species (case D). However, if repulsive forces in the potential field
dominate, sorption energy is smaller and the pore become a constriction that the
diffusing molecules must overcome (case C). Except for case A, the permeating species
is in the sorbed phase. For case B, the mass transport mechanism in micropores can be
described by the sorption-diffusion mechanism. For case C, activated diffusion
mechanism, also known as configurational diffusion [50], has to be considered. It
should be emphasized, however, that different species may display different sorption
behaviors for the very same pore; the transport of these two species can then follow

different transport mechanisms.
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Figure 1.9. Schematic representation of the species/wall interactions within a pore/constriction: (l)
Potential energy, E, of a specie as a function of its distance to the wall (adapted from [49]), (ll) species in
a real pore.

The precursor material and carbonization conditions, such as heating rate, end
temperature, soaking time and gas atmosphere and pre-/post-treatment conditions,

that will be discussed later, determine the microstructure and permeance properties

of the CMSM [51-54].

1.3.1. Preparation of carbon molecular sieve membranes

The preparation of CMSM involves five steps (i.e., precursor material selection,
precursor preparation, pre-treatment, carbonization and post-treatment) which must

be controlled and optimized. Among these steps, carbonization is the most important

16
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and can be considered the heart of the carbon membrane production process [55-57].
The polymer precursor has also a crucial function in determining the final structure of
the carbon membranes since different polymer precursors carbonized in the same
conditions lead to CMSM with different properties [13, 58]. Figure 1.10 shows a

schematic diagram of the CMSM fabrication process.

Precursor rpaterial Preparation of the Pre-treatments
selection membrane precursor ’
Post-treatments CARBONIZATION

Figure 1.10. Production process of carbon membranes.

Precursor material selection

The choice of a suitable polymeric precursor is a fundamental step to guarantee
the production of defect-free carbon molecular sieve membranes. A detailed
investigation into the chemical structure and physical properties of the polymer should
be primarily considered. The polymeric precursor should withstand high temperature
treatment without much shrinkage, should be thermosetting to avoid melting or
softening during any stage of carbonization and should display a high carbon yield [38].
Suitable precursors should not originate any cracks, defects or pore-holes to appear
after the carbonization step. The precursor should also provide good separation
performances and should have an economical price.

Numerous materials have been extensively studied as precursors to prepare

CMSM such as polyimides [54, 58-63], cellulose [64, 65], polyacrylonitrile (PAN) [66],

17
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polyfurfuryl alcohol (PFA) [67, 68], polyetherimide (PEI) [69-73], polyphenylene oxide
(PPO) [74-77], phenolic resins [45, 78-82] and polymer blends [83-87]. All precursors
have attractive features, but also some drawbacks. Table 1.4 shows the main
advantages and disadvantages of common precursors used to prepare CMSM. It is
important to note that the choice of the precursor depends on the required application
(the gas mixtures to separate).

Recently, it was pointed out by our group for the first time that depending on the
selected precursor material, carbon molecular sieves with two extreme sieving
mechanisms can be prepared. As it will be discussed in more detail in Chapter 3.A, those
mechanisms are rationalized as being gate sieving (for carbon molecular sieves having
a gate-like pore shape) and tubular sieving (for carbon molecular sieves having a

tubular shape pore).

Preparation of the membrane precursor

Polymeric precursors must be prepared at optimized conditions to produce good
quality carbon molecular sieve membranes. Defects in the precursor membranes will
be transferred to the carbon membranes, originating small pinholes or cracks that will
compromise the selectivity required for gas separation.

The precursor (and consequently the CMSM) can be prepared as supported or
unsupported flat membranes or hollow/capillary fibers [13]; flat membranes are
envisioned almost exclusively for lab applications while hollow or capillary fibers are
envisioned for industrial applications.

Unsupported membranes have the disadvantage of the intrinsic weak mechanical
strength which limits their practical applications whereas supported membranes have
extra mechanical strength provided by the support. For this reason supported

membranes are frequently favored.
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Table 1.4. Advantages and disadvantages of some precursors used to prepare CMSM.

Precursor Advantages Disadvantages Ref.
E t .
szmoefgi(;ffs:vailable Expensive.

Polyimides Y - Most of them only available  [88-93]
products (Kapton, Matrimid at laboratory scale
and P84 co-polymer). ¥ ’

Provide carbon membranes

PEA V\{lth_narrow pore size _ Only can be used to prepare 57, 94]
distributions and chemically supported membranes.
stable.

Provide carbon fibers with

PAN good mechanical properties. Low O2/N: selectivity. [66]

High carbon yield.
Excellent mechanical
properties. .

PPO High cost. 74,95
Easy modification with 'gh cos [ ]
functional groups.

Low-cost. (78, 81,

Phenolic Resins  High carbon yield. Low reproducibility. 82, 96,
Simple to prepare. 97]
Low-cost. Poor solubility in common [64, 65,

Cellulose ) ]

100 % biodegradable. organic solvents. 98]
High carbon yield.

PEI Good separation factors. High cost. [99-101]
Good chemical stability.

Enhance the gas Limited polymer pairs for
permeabilities. miscible polymer blends. (83-87,

Polymer Blends  Create a wide range of pore Uncontrolled phase 102,

size distribution (macro, meso, separation for immiscible 103]

micro and ultramicropores).

blends.

However, from the standpoint of large scale commercial application, costs are a

crucial factor and the hollow/capillary fiber geometry will be preferable because of the

high packing density (membrane area per unit volume), easy module assembly and

mechanical stability [104]. Hollow fiber membranes can, for example, be fabricated

with asymmetric structure with a thin selective layer and a thick mechanical highly

permeable support layer (self-supported membranes).
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Pre-treatments

Depending on the selected precursor, a specific pre-treatment can be applied to
obtain carbon membranes with improved mechanical stability and separation
performance. Sometimes the precursor is subjected to more than one pre-treatment
procedure to achieve the desired properties; pre-treatments can be divided into

physical and chemical [56, 57]:

Physical pre-treatments - comprehends stretching or drawing the hollow fiber
membranes [12]. This physical technique is occasionally referred to a post-spinning
treatment, applied to remove the surface imperfections, attenuate differences in
filament diameter and improve the retention of molecular orientation prior to
carbonization with the purpose to obtain carbon fibers with a good equilibrium

between stiffness and strength [105].

Chemical pre-treatments - comprehends the partial oxidation of the membranes
surface and the use of chemical reagents for obtaining specific effects. Surface partial
oxidation or thermostabilization is the most popular and commonly used method to
pre-treat the membrane precursor. This pre-treatment may display a substantial
influence on the resulting carbon membrane performance [12, 56, 57]. It is believed
that, after oxidation under air atmosphere, membranes with greater mechanical
stability are obtained; oxygen acts as a dehydrogenation agent in the conversion of C-C
bonds to C=C bonds and generates oxygen-bearing groups in the polymer backbone
(such as -OH and C=0) [8]. These oxygen-bearing groups promote intermolecular
crosslinking of the polymer chains making the polymer structure stiffer, less prone to
relaxation and more capable of withstanding the high temperatures observed during
the carbonization process [8]. Avoiding excessive volatilization of elemental carbon,
this pre-treatment also maximizes the final carbon yield [12, 57]. Some variables can
significantly affect the performance of the final CMSM, such as oxidation temperature,
oxidation atmosphere, heating rate and soaking time. Consequently, and depending of

the polymeric precursor, it is necessary to optimize them.
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Chemical methods using chemical reagents enhance the uniformity of the pore
system formed during carbonization. The precursor is fully immersed in an appropriate
solution and then washed and dried before the carbonization step. In some cases, the
pores of the membranes are evacuated and filled with nitrogen before the immersion
in the aqueous solution to obtain membranes with higher carbon contents [12]. The
chemicals commonly used include hydrazine (improves the dimensional stability of the
membrane and avoid clogging of pores during carbonization [106]) and
dimethylformamide (improves mechanical properties [105]); hydrochloric acid [107],
ammonium chloride [107], phosphoric acid and diammonium hydrogen phosphates are
used as catalysts [12, 57], increasing the carbon yield and allowing the carbonization to

be carried out at lower temperatures and faster heating rates.

Carbonization

Carbon molecular sieve membranes are formed upon the controlled carbonization
of a suitable polymer precursor, following a specific temperature history under a
controlled reducing atmosphere, aiming to produce amorphous carbon membrane
with very narrow pore size distribution. As the polymer matrix decomposes, volatiles
such as carbon dioxide, carbon monoxide, nitrogen and ammonia are released [108].
At the end of the carbonization process, a carbon matrix consisting of disordered
non-homogeneous graphene-like layers is formed. The spaces between these
disordered graphene-like layers are the pores of the membrane. As previously
discussed, the porous network of the membrane is typically slit-like and consists of
relatively wide openings (responsible for higher permeabilities) with narrow
constrictions (responsible for the molecular sieving properties of the membrane).

Different variables can affect the carbonization step and small changes on these
carbonization parameters have a significant impact on the final properties of CMSM.
Such of that variables (carbonization end temperature, carbonization atmosphere,

inert flowrate, heating rate and soaking time) are discussed in the following:
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Carbonization end temperature - carbonization temperature lies between the
decomposition temperature of the carbonaceous precursor and its graphitization
temperature. The optimum carbonization end temperature strongly depends on the
type of precursor. Generally, an increase in the carbonization end temperature results
in a decrease in the gas permeability, an increase in the ideal selectivity and an increase
in brittleness; higher carbonization end temperatures originate CMSM with more
compact (originates the shrinkage of the membrane), crystallinity, density and smaller

average interplanar spacing between the graphitic layers [8, 109].

Carbonization atmosphere - must be controlled for avoiding undesired burn off and
chemical damage of the precursor. Carbonization under vacuum normally originates
more selective and less permeable CMSM when compared to a carbonization under an
inert atmosphere (N,, He or Ar). CMSM prepared in an inert atmosphere have a more
open porous network, which results from the removal of the by-products from the
polymer decomposition (by the flow of the gas), avoiding the carbon deposition in the

formed pores [57, 110].

Flowrate - when an inert gas atmosphere is used, the gas flowrate is another important
parameter to consider; higher flowrates produce carbon membranes with improved

permeabilities showing a minimal role on the selectivities [57].

Heating rate - during the carbonization process, the release rate of volatiles is related
to the heating rate, as well as to the pore size distribution and number of connecting
pores. Heating rates between 0.1 and 13.3 °C*min are normally used [107, 110]; low
heating rates produce CMSM with small pores, less connecting pores (smaller
permeability) and enhanced crystallinity. In contrast, high heating rates can originate
pinholes or cracks in the carbon matrix. Therefore, an extensive study for determining

the optimum heating rate for the carbonization procedure must be carefully done.
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Soaking time - is the period of time that the membrane is hold at constant
carbonization end temperature before being cooled down to room temperature. The
soaking time induces microstructural rearrangement which affects the pore size
distribution of CMSM and therefore it can be used to fine-tune their transport
properties. Larger soaking times cause pore sintering which results in a decreasing of

permeability and an increase in the selectivity [8, 111].

Post-treatments

After the carbonization step, polymeric precursors are transformed into carbon
membranes with varying degrees of porosity, pore size distribution and connectivity,
and surface chemistry, which influence the separation properties. To improve the
desired pore descriptors and to repair defects/cracks, various post-treatment methods
have been applied. These include post-oxidation or activation, chemical vapor

deposition, post-pyrolysis and coating [56, 57]:

Post-oxidation - removes carbon atoms from the pore walls, enlarging them;
consequently, this method is performed when pore opening is needed. Membranes
oxidation can be performed using different oxidizing agents such as pure oxygen,
oxygen admixed with other gases, air, steam, carbon dioxide, nitrogen oxides and
chlorine oxides. Solutions of oxidizing agents at elevated temperatures can also be
used, such as nitric acid, mixtures of nitric and sulfuric acids, chromic acid and peroxide
solutions [12, 57]. Different activation temperatures and dwell times have been applied
to obtain desired pore structures in different materials [75, 112-114]; generally, when
the oxidation temperature is increased, an increase in gas permeance and a decrease
in permselectivity of permanent gas pairs (such as 0,/N, and CO,/N) are observed.
Koros and Singh [115] developed recently a new oxygen doping method (Dual

Temperature Secondary Oxygen Doping), where high temperature and a trace amount
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of oxygen are used after carbonization to enhance the separation performance of

CMSM for O,/N; gas pair while the high membrane permeance is maintained.

Chemical vapor deposition (CVD) - performed to obtain a CMSM with a narrower pore
size distribution. Higher selectivities are obtained through the pyrolytic decomposition
of organic species such as ethane, propane, propylene, ethylene and benzene [12, 57]
introduced into the porous system of the carbon membranes. The selected
hydrocarbons must have high chemical stability in the gas phase and not produce
intermediate species. Moreover, the carbon species should have adequate reactivity to
be adsorbed and pyrolyzed on the pore mouth and must have an appropriate shape to
produce a flat coating. At the end, the pore mouth narrows to the smallest dimension
of the hydrocarbon molecule [116]. CVD of carbon onto a CMSM may bring about three
distinct results (Figure 1.11): homogenous deposition (Figure 1.11-A), in-layer
deposition (Figure 1.11-B) and adlayer deposition (Figurel.11-C). Homogenous
decomposition is, in general, the preferred mode [12] . However, if the CVD conditions
such as temperature, time of deposition, vapor flowrate and composition are not

accurately optimized, the excess of vapor deposition blocks the pores [117].

Post-pyrolysis - used to decrease the pore volume. Generally, post-pyrolysis is
performed after the post-oxidation to recuperate from an excessive pore enlargement
[12, 57]. Post-oxidation and post-pyrolysis are frequently repeated several times until

the desired pore size distribution be achieved.

Coating - applied to repair cracks/defects in CMSM [12]. However, coating treatments

will result in a decrease of CMSM permeability [119].
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Figure 1.11. Mechanism of carbon deposition on the pore system of CMSM: (A) homogeneous deposition
on membrane pore walls, (B) in-layer deposition on membrane pore wall entrances, (C) adlayer
deposition outside membrane pores (adapted from [118]).

The ideal carbon molecular sieve membrane should present high permeability and
selectivity, maintain its performance in the presence of humidity, oxygen and organic
compounds, be stable under harsh thermal and chemical environments, be

mechanically resistant and have a low production cost.

1.4. Challenges in Carbon Membranes Development

1.4.1. CMSM aging

Although CMSM have high thermal and chemical resistance, they may present
significant problems related to their performance stability. The aging effect is the

change in membrane performance over time when exposed to specific environments.
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Two phenomena are particularly important on the carbon membranes stability:
chemisorption and physisorption [120]. Chemisorption is the chemical bonding of a
component, such as oxygen or propylene, with sites in the carbon surface.
Physisorption is the physical adsorption of a gas (through Van der Waals or dispersion
forces, permanent dipoles or hydrogen bonding) on the membrane surface and is
mostly reversible.

Not many studies have taken into account the aging phenomenon, although it
becomes really important when a carbon membrane is commercialized and therefore

it must always be studied.

Exposure to humidity

The vulnerability of CMSM to humidity is a complex phenomenon considering the
weak character of the water-carbon dispersion forces and the tendency of water
molecules to form hydrogen bonds within the bulk phase. Water initially adsorbs onto
hydrophilic sites which are much more reactive than the atoms in the interior of the
carbon matrix; once the first water molecule is adsorbed onto the carbon matrix,
adsorbate-adsorbate interactions promote the adsorption of further water molecules
via hydrogen bonding generating a water cluster. The resulting cluster gains then
enough energy to be released from the hydrophilic site and rolling until blocking a
constriction [121].

Jones and Koros in 1995 [122] found that the loss of CMSM separation
performance occurred in the first few hours after exposure to humidity, as water
molecules are adsorbed to active sites in critical constrictions. These authors observed
that at low humidity (<23 % RH) significant membrane performance was maintained
while at higher humidity (85 % RH) the performance was drastically decreased [122].
Lagorsse et al. [123] studied the exposure of CMSM at 32.5 % of relative humidity and
observed a permeance loss of about 50 % when compared to the value prior to

exposure to humidity.
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Exposure to oxygen

Oxygen chemisorbs at active sites forming oxygen-containing groups on the pore
windows, which reduces the pore volume. Menendez and Fuertes [124] studied the
permeance and permselectivity modification with time of carbon membranes after
oxygen exposition. A significant permeance loss was observed with membranes stored
either in lab air or dry air. By contrast, permselectivities increase slightly; after one day
of storage, the permeability to N, O; and CO, decreased by nearly 50 % and at longer
times of storage the permeance losses were around 90 %. Similarly, Lagorsse et al. [123]
reported the long-term exposure of CMSM to different dry environments and observed

membrane performance losses essentially due to chemisorption of oxygen.

Exposure to organics

Carbon membranes are organophilic and, therefore, they have a very high affinity
to organic compounds [12]. Furthermore, the weak dispersion interactions between
organic molecules and carbon walls are enhanced in narrow pores as the adsorption
potentials of the opposite walls are overlaid. At pore constrictions, this effect is higher
and molecules can actually block the pores. Jones and Koros [125] studied the effect of
exposure of CMSM to several organic vapors and a decrease in oxygen flux was
observed. Additionally, higher hydrocarbons exposition resulted in a complete
membrane separation performance loss; higher hydrocarbons, even present in trace

amounts, are prejudicial to CMSM separation performance.

1.4.2. Regeneration of carbon molecular sieve membranes

Various regeneration techniques are known in the art; these include thermal
regeneration, ultrasonic regeneration, chemical regeneration, electrothermal
regeneration and microwave regeneration. However, these techniques are not
favored: they are time consuming, expensive and often unsuccessful. Table 1.5

presents a summary of the different conventional regeneration methods.
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Table 1.5. Summary of different regeneration methods [128].

Method Energy demand Operation Complexity
Thermal High Offline Medium
Chemical Medium Offline Medium
Electrothermal Low Online Low
Ultrasonic Low Online Low
Microwaves Medium Offline Low

Heat treatments with hydrogen at high temperatures (passivation) where
hydrogen passivates the active sites have been also proposed by several authors [123,
126, 127]. However, even after this reducing treatment, the passivation is not
completely effective and still leaves reactive sites capable of re-adsorbing oxygen [123].
Moreover, passivation of carbon surfaces with hydrogen seems to be more effective at
630 °C or 1000 °C and its application to CMSM is not reasonable for the reason that
may damage their specific molecular pore size distribution.

In 1994, Jones and Koros [125] proposed the use of propylene as a cleaning agent
after CMSM exposition to contaminants. A few years later, Menendez and Fuertes
[124] demonstrated that propylene could prevent the chemisorption of oxygen.

Besides, CMSM permeabilities were not significantly affected by the treatment.

1.4.3. Mechanical stability

Another drawback of CMSM that still have to be overcome is their inherent
brittleness. The elongation at break is relatively short and the membrane’s elastic
modulus is high. In 1999, Tanihara et al. [109] studied the mechanical properties of a
carbon membrane produced from asymmetric polyimide hollow fiber. The elastic
modulus significantly increased and the elongation at break decreased as the
carbonization temperature increased from 600 °C to 1000 °C. Similar trend was also
found in polyacrylonitrile-based carbon fiber studies [129, 130].

It is well known that the addition of plasticizers to polymers lead to a decrease in

intermolecular forces along polymer chains improving the flexibility and chain mobility
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[131]. Accordingly, these additives are used to enhance flexibility, decrease brittleness
and avoid excessive shrinkage of polymeric precursor films. The carbonized membranes
obtained from these precursors inherit these properties. Plasticizers commonly used
include propylene glycol, ethylene glycol, polyethylene glycol, glycerol, urea, among
others [132].

Currently, the production of CMSM involves high costs; carbon membranes are 10
to 100 times more expensive than conventional polymeric membranes [36, 110].
Therefore, carbon membranes must achieve a superior performance in order to

compensate their higher cost.

1.5. Potential Industrial Applications for CMSM

1.5.1. Nitrogen and oxygen separation from air

The production of low-cost and high purity nitrogen from air is one the most
important potential application for CMSM. Their use in the production of nitrogen from
air presents some advantages: it requires low maintenance, low energy consumption,
the separation modules are compact and lightweight and can be positioned either
vertically or horizontally [133]. Similarly, CMSM have shown growing interest for
producing oxygen-enriched streams from air, providing an alternative to conventional
air separation processes such as cryogenic distillation and pressure swing adsorption

that are considered energy intensive technologies [134].

1.5.2. Methane purification

Carbon membranes can be used for the purification of methane from different
sources as well as in the recovery of carbon dioxide in oil fields. Additionally, carbon
membranes can operate in severe environments being useful in the removal of acid

gases from natural gas [12, 133].
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1.5.3. Hydrogen recovery

Membranes compete with cryogenic, catalytic and pressure swing adsorption
processes in the hydrogen recovery process. However, polymeric membranes require
additional recompression costs [12, 133]. Carbon molecular sieve membranes can be

used in the hydrogen recovery process without further compression of the feed gas.

1.5.4. Light alkenes/alkanes

Up to now, propene/propane separation has been investigated by using polymeric
membranes. However, they are not thermally and chemically stable and have low
permselectivity for this separation [12]. These drawbacks have led to the need of
developing thermally and chemically stable membranes that exhibit better separation
performances. CMSM display, in general, excellent alkenes/alkanes permselectivities

making them promising materials for petrochemical industry.

1.5.5. Xenon separation

Another potential application of CMSM consists on the xenon separation/recovery
from gas mixtures. Lagorsse et al. [135] proposed the use of CMSM for on-line recycling
xenon in closed anaesthetic breathing circuits. Very high CO,/Xe and N/Xe ideal
selectivities were obtained in combination with high permeabilities. Simulation results

indicated that a xenon recovery above 97 % can be achieved.
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1.6. Motivation and thesis outline

Carbon molecular sieve membranes have been proposed as energy-efficient
candidates for gas separation due to their high selectivity, permeability and stability in
chemically aggressive environments. However, when exposed to water vapor and
oxygen they exhibit pore blockage and oxygen chemisorption, respectively. This aging
phenomenon significantly hinders the performance and seriously limits its industrial
applicability. The aim of this work is to prepare stable high separation performance
carbon molecular sieve membranes targeting industrial applications and identify the
roots of the non-aging property displayed by the CMSM prepared from regenerated
cellulose precursor.

The present thesis is divided in five chapters as follows:

Chapter | presents an introduction to the work.

Chapter Il reports the carbonization and characterization of supported composite
carbon membranes derived from resorcinol-formaldehyde resin loaded with boehmite
nanoparticles.

Chapter Il reports the preparation and characterization of new CMSM displaying
extraordinary separation performance, not showing any noticeable pore blockage
when treating humidified streams up to ca. 80 % relative humidity.

Chapter IV studies the preparation and characterization of stable CMSM derived
from regenerated cellulose films obtained through an ionic liquid process.

Finally, Chapter V summarizes the main conclusions of this thesis and presents
ideas/suggestions for future work research.

Appendix A shows additional characterization results concerning the carbon
molecular sieve membranes with extremely high separation performance and stability
presented in Chapter Ill.

Appendix B presents the published article “Preparation and characterization of

carbon molecular sieve membranes based on resorcinol-formaldehyde resin”.
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Appendix C presents the patent “A carbon molecular sieve membrane, method of
preparation and uses thereof”, resulting from the development and characterization of

CMSM with extremely high separation performance and stability.
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Chapter 2 — Preparation and characterization of carbon
molecular sieve membranes based on resorcinol-
formaldehyde resin?

2.1. Abstract

Carbon molecular sieve membranes (CMSM) were prepared on a-alumina supports
by carbonization of a resorcinol-formaldehyde resin loaded with boehmite. Two series
of carbon membranes produced at 500 °C and 550 °C carbonization end temperatures
were prepared. The influence of the carbonization end temperature on the structure,
morphology and performance of the membranes was examined by scanning electron
microscopy, thermogravimetric analysis, CO, adsorption and permeation to N, O, He,
H; and CO; at temperatures from 25 °C to 120 °C. SEM photographs showed carbon
membranes with a thin and very uniform layer and a thickness of ca. 3 um. Carbon
dioxide adsorption isotherms revealed that all produced carbon membranes have a
well-developed microporous structure. Nevertheless, membranes carbonized at 550 °C
have more ultramicropores and a narrower pore size distribution. The permselectivity
of CMSM prepared at this temperature surpasses the Robeson upper bound for
polymeric membranes, especially regarding ideal selectivities of pairs 0,/N; (O,
permeation rate: 9.85x101° mol-m2-s-Pa?l and ideal selectivity: >11.5), Hy/N> (H2
permeation rate: 5.04x10® mol-m%s'-Pa! and ideal selectivity: >586) and He/N; (He

permeation rate: 4.68x10® mol-m2-s1-Pa? and ideal selectivity: >544).

1S.C. Rodrigues, R. Whitley, A. Mendes, Preparation and characterization of carbon molecular sieve membranes based
on resorcinol-formaldehyde resin, Journal of Membrane Science, 459 (2014) 207-216.
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2.2. Introduction

Carbon molecular sieve membranes have emerged as promising candidates for gas
separation applications because of their attractive characteristics such as superior
thermal resistance, chemical stability in corrosive environments, high permeabilities, as
well as excellent selectivities compared to polymeric membranes [1-3]. Carbon
membranes are prepared by carbonization of polymeric precursors under controlled
inert atmosphere [4, 5]; the polymeric precursor should withstand high temperature
treatment without much shrinkage [6] and should have a high carbon yield [1]. After the
carbonization step, CMSM present an amorphous nanoporous skeleton [6, 7]; Figure 2.1
shows an high resolution transmission electron microscopy (HRTEM) image of a carbon

molecular sieve membrane showing no ordered structural building units [8].

Figure 2.1. HRTEM image of a composite carbon molecular sieve membrane derived from phenolic resin
incorporated with ceramic particles of boehmite (carbonized at 550 °C) [8].

CMSM have a slit-like pore structure, which provides a unique combination of
micropores (0.7-2.0 nm) and ultramicropores (less than 0.7 nm) networks [9, 10]. The
larger pores are responsible for sorption and ultramicropores are accountable for the

molecular sieving mechanism since they approach the molecular dimensions of diffusing
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gas molecules and consequently allow the passage of smaller species of a gas mixture
and obstruct the larger ones [2, 5]. The exceptional gas separation performance of
CMSM is made possible due to the combination of this molecular sieving transport with
a solution-diffusion mechanism [4, 6, 11].

Some parameters such as carbonization conditions (heating rate, end temperature,
soaking time and gas atmosphere) and pre-/post-treatments conditions
(thermostabilization, oxidation and chemical vapor deposition) determine the
microstructure and gas permeance properties of the carbon molecular sieve
membranes [12-15]. But above all, polymer precursor has a crucial function in
determining the final structure of the carbon membranes since different polymer
precursors carbonized in the same conditions lead to carbon membranes with different
properties [2, 16].

Research efforts have been focused on carbon molecular sieve membranes for gas
separation obtained from the carbonization of various polymeric precursors such as
polyimides [15-21], cellulose [22, 23], polyacrylonitrile [24], poly(furfuryl alcohol) [25,
26] and phenolic resins [4, 8, 27, 28]. Nevertheless, the search for ways to produce
carbon membranes with excellent separation properties and stability, without losing the
economical processability of polymeric membranes, still presents a major challenge in
this field. Resorcinol-formaldehyde resin (Figure 2.2) makes an excellent precursor
material for the production of CMSM due to its considerable fixed-carbon vyield, high
inherent purity and low-cost [29-32]. However, very few studies have been reported on
the production of carbon molecular sieve membranes from resorcinol-formaldehyde
resin. Tanaka et al. [33] prepared microporous carbon membranes on a porous a-
alumina support by a partial carbonization of a resorcinol-formaldehyde resin for
pervaporation applications. Dong et al. [34] prepared microporous carbon membranes
on a-alumina supports carbonizing resorcinol-formaldehyde polymer precursor and
quaternary ammonium compounds (tetramethylammonium bromide and
tetrapropylammonium) for dehydration of water/ethanol and water/isopropanol

mixtures by pervaporation.
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Figure 2.2. Structure of resorcinol-formaldehyde resin.

Yoshimune et al. [35] obtained highly mesoporous carbon membranes by
carbonizing sol-gel derived mesoporous resorcinol-formaldehyde membranes.

In general, the methods described in the literature to obtain supported carbon
membranes are complex and the coating-carbonization cycle must be repeated several
times to achieve crack-free CMSM, which needs time and special care. Only a few
researchers have reported the development of defect-free membranes by a single
dipping-drying-carbonization step [1, 4, 8, 36-40]. The addition of boehmite particles
with needle shape to the CMSM precursor, recently proved to be effective for producing
crack-free supported membranes in a single dipping-drying-carbonization step.
Boehmite (y-AlO(OH)) is an aluminium oxide hydroxide, and it has been recently used
by our research team to prepare carbon molecular sieve membranes [4, 8]. During
carbonization, boehmite nanoparticles dehydrate and Al,03; nanowires are formed and
homogeneously distributed in the carbon matrix. Teixeira et al. [8] prepared composite
carbon membranes from a Resol phenolic resin loaded with boehmite nanoparticles in
a single coating-drying-carbonization step. Composite carbon membranes obtained
exhibited high permeability to CsHs and considerable C3He/C3Hs ideal selectivity, well
above the state-of-the-art plot for polymeric membranes for this separation. O2/N,
He/N; and CO,/N; ideal selectivities of 5, 34 and 30 were achieved. In this study, the
boehmite nanoparticles key role was identified: these needle shape particles control the

polymeric precursor rheology.
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This work proposes the incorporation of low-cost nanoparticles (boehmite) in a
low-cost resorcinol-formaldehyde resin to prepare composite carbon molecular sieve
membranes in a single dipping-drying-carbonization step. Defect-free supported carbon
membranes were prepared successfully and reproducibly at different carbonization end
temperatures of 500 °C (CMSM 500) and 550 °C (CMSM 550). Dry films of the composite
top layer were prepared, and morphological characterization of the material was
performed by scanning electron microscopy (SEM) and thermogravimetric analysis
(TGA). Pore size distributions were obtained from the adsorption equilibrium isotherms
of carbon dioxide at 0 °C. Permeation experiments were performed to assess the
permeability towards N,, O, CO,, He and H; as well as the ideal selectivities for

separations of industrial relevance.

2.3. Experimental

2.3.1. Materials

A resorcinol-formaldehyde resin, used as precursor, was provided by Continental
Portugal. N-methyl-2-pyrrolidone (NMP) was supplied by Acros Organics. Boehmite
nanoparticles (10 % Boehmite solution, particle size 8-20 nm) were supplied by Kawaken
Fine Chemicals Co. Ltd. The a-alumina tubular supports were purchased from Inopor.
Non-porous alumina tubes were bought from Omega Engineering Limited. The

permanent gases were supplied by Air Liquide (99.999 % pure).

2.3.2. Tubular ceramic supports preparation

The ends of the porous Al,O; supports were attached to non-porous Al,O5 tubes
using a high temperature ceramic adhesive (Ceramabond™ 569, Aremco Products) and
sealed with a glass sealant at 1150 °C. The supports have a mean pore size of 200 nm
(located in the outer part of the tube), an external diameter of 10 mm and a length of

70 mm. An effective length of approximately 50 mm was left for dip coating.
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2.3.3. Preparation of carbon molecular sieve membranes

Resorcinol-formaldehyde resin was diluted in NMP to prepare a 15 wt. % resin
solution with a viscosity of ca. 0.04 Pa-s and a pH of 4.6. A composite coating solution of
14 wt. % of resorcinol-formaldehyde resin, 0.5 wt. % of boehmite nanoparticles,
0.6 wt. % of ethylenediamine monohydrate and 85.6 wt. % of NMP was prepared.
Ethylenediamine monohydrate was used as a basic catalyst of the polymerization
reaction. Supported membranes were then prepared by dip coating the alumina tubular
supports in the coating solution using a vacuum pump. The resorcinol/formaldehyde
resin-based membranes were dried in a rotating oven at 70 °C overnight to avoid a quick
release of the solvent during the carbonization stage that could damage the carbon
matrix, causing cracks or defects. Subsequently, the membranes were left at 90 °C for
7 h.

The carbonization of the precursor was accomplished in a quartz tube (80 mm in
diameter and 1.5 m in length) inside a tubular horizontal Termolab TH furnace. To
guarantee temperature homogeneity along the quartz tube, the furnace has three
separating heating elements controlled by a Eurotherm PID temperature controller.

Figure 2.3 gives a schematic overview of the furnace.

» ® 9
| | l
Nitrogen in ’ ________ ‘| ______________ Gases out
— —— B | |—
| ® &

Temperature controller and programmer

Figure 2.3. Schematic overview of the furnace setup.
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The carbonization was performed under N, atmosphere, flow rate of 170 ml-min?

and a heating rate of 1 °C:min™*. Figure 2.4 shows the temperature history to prepare

the carbon molecular sieve membranes from resorcinol-formaldehyde resin.
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Figure 2.4. Temperature history to prepare CMSM from resorcinol-formaldehyde resin. End temperature:
550 °C.

First, the temperature was raised from ambient to 110 °C at a rate of 1 °C-min’* and
held at this temperature for 30 min; subsequently, the temperature was increased from
110 °C to the desired carbonization end temperature (again at a heating rate of
1 °C-min 1) and held at temperature for 2 h; afterwards, the membranes were allowed

to cool to room temperature.
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2.3.4. Scanning electron microscopy analysis and energy dispersive X-ray
spectroscopy analysis

The samples were fixed onto aluminum sample holders with Araldite™ cement,
sputter-coated with palladium-gold (Bal-Tec-SCD 050) and observed in a scanning
electron microscope (SEM, FEI Quanta 400FEG).

2.3.5. Thermogravimetric analysis

TGA were carried out in a Netzsch TG 209 F1 Iris thermogravimetric balance with a
resolution of 0.1 pg. It was analyzed the dipping solution used for the preparation of the
CMSM. The sample was previously dried in the oven at 110 °Cfor 72 h in order to remove
most of the solvent. The characteristic curve was determined from 20 °C to 900 °C under

N, atmosphere with a heating rate of 10 °C:min™.

2.3.6. Pore size characterization

The pore size distribution and the porosity volume of the produced CMSM were
obtained based on the adsorption equilibrium isotherm of CO;, at 0 °C determined in a

magnetic suspension balance as described elsewhere [41].

2.3.7. Permeation experiments

The permeation properties of the produced CMSM were obtained by probing the
membrane with pure gases. Briefly, Ny, O, He, H, and CO; were introduced shell side at
0.10-0.50 MPa relative feed pressure (Horiba Stec, model UR7340) and the permeated
flowrate at room pressure was determined by one of three flow meters (Bronkhorst,
ranges: 0-1, 0-10 and 0-100 mLy-mint) [8].

All results obtained are averages based on the measurements of at least three

membrane samples prepared and tested under the same conditions.
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2.4. Results and Discussion

2.4.1. Scanning electron microscopy and energy dispersive X-ray
spectroscopy analysis

The morphology and qualitative elemental composition of carbon molecular sieve
membranes were determined by scanning electron microscopy and energy dispersive
X-ray spectroscopy (EDS), respectively. SEM microphotographs of cross-section of a

supported CMSM 550 are showed in Figure 2.5.

Figure 2.5. SEM photographs of one-coated resorcinol-formaldehyde based carbon membrane carbonized
at 550 °C: (A) cross section, (B) surface view.

Figure 2.5-A indicates that two different parts can be distinguished: the top thin
layer and the porous alumina support. A defect-free carbon film of ca. 3 um thickness
was uniformly formed on the top of the a-alumina tubular support. Figure 2.5-B shows
that Al,Os; nanoparticles were well distributed in the carbon matrix. EDS analysis
revealed also an uniform carbon and Al,O3; composition along the layer thickness (data

not shown).
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2.4.2. Thermogravimetric analysis

TGA was used to assess the thermal decomposition kinetics and stability of polymer
in an inert atmosphere. TGA was performed on the dry dipping solution used for the
preparation of the CMSM. The characteristic curve was obtained under N, atmosphere

and is plotted in Figure 2.6.
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Figure 2.6. Thermogravimetric analysis of the composite dipping solution containing 14 wt. % of resin and
0.5 wt. % boehmite nanoparticles used to prepare carbon molecular sieve membranes.

Figure 2.6 shows that from room temperature to 175 °C the composite film loses
about 2 % of its original weight. This loss is attributed to release of adsorbed water from
the precursor. Between 175 °Cand 350 °C the sample loses ca. 30 % of its original weight,
which should be related to the degradation of the resorcinol-formaldehyde resin. It has
been reported that at this temperature gases from the amine decomposition generate
micropores in the carbonized resorcinol/formaldehyde resin-based membrane [42].

Between 500 °C and 800 °C a lower weight loss of 15 % is observed; at 900 °C the total
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weight loss is approximately 44 %; this weight loss is in accordance with the literature

[35].

2.4.3. Structural properties and pore size distribution

The adsorption of nitrogen at -196 °C is the most frequently used technique to
assess the microporosity of carbonaceous materials. However, when ultramicroporosity
is involved some diffusional limitations occur and adsorption of carbon dioxide at 0 °Cis
a good alternative to overcome this problem [43, 44]. The adsorption equilibrium
isotherm of CO; at 0 °C for CMSM 500 and CMSM 550 is plotted in Figure 2.7.

Dubinin-Raduschkevisch (DR) equation is commonly used to describe the

adsorption in micropores:

(2.1)

where W is the micropore volume, P is the pressure, Wy is the total micropore volume,
Eo is the characteristic energy for adsorption , Py is the vapor pressure of the free liquid,
R is the gas constant and T is the absolute temperature. However, the DR equation only
provides a reasonable description of adsorption in micropores when the characteristic
curve obtained from CO, adsorption is linear. For handling non-linear characteristic

curves, a more general equation was proposed, the Dubinin-Astakhov (DA) equation:

(2.2)

where n is an adjustable parameter. DR equation results from DA equation for the

particular case of n=2.
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Figure 2.7. Adsorption equilibrium isotherm of CO; at 0 °C for CMSM 500 (red) and CMSM 550 (blue).

In the present work, the characteristic curves obtained from the CO, adsorption
isotherm on CMSM 500 and CMSM 550 are not very linear, indicating that DR equation
could not provide reasonable descriptions. Therefore, micropore volume and the
characteristic energy for adsorption were determined by fitting the Dubinin-Astakhov
equation to experimental data. Figure 2.8 presents the characteristic curve for CMSM
550. It can be seen that DA equation with n=2.6 fits very well the experimental data.

It is important to note that the slope of the plot is related to Eo and the intercept is
related to Wo. Table 2.1 presents a summary of the structural parameters for the studied
samples. Generally, empiric correlations developed by Stoeckli are used to estimate the
mean pore width. However, Stoeckli equation can only be used when the DR equation
applies. For that reason, the mean pore width (/) in the present work was determined
by a weighted average. For CMSM 550, the micropore volume of 0.40 cm3-g? is slightly
higher when compared with other reported values [4, 21, 41, 45, 46]. However, the
mean pore width (obtained by a weighted average) has the usual value found for carbon

molecular sieves [4, 45, 46]. For CMSM 500, the mean pore width (obtained by a
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weighted average) is a little higher when compared with other values in the literature

[4, 8, 45, 46].
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Figure 2.8. CO; characteristic curve for CMSM 550 (points — experimental data; solid line DA — fitting).

Table 2.1. Structural parameters for carbon molecular sieve membranes carbonized at 500 °C and 550 °C.

Parameter CMSM 500 CMSM 550
Wo(cm3-g?) 0.13 0.40
Eo(kJ-mol?) 11.14 12.06

I (nm) 0.68 0.58

Pore size distribution for all carbon molecular sieve membranes was obtained using
the method proposed by Do et al. [43, 47] for the determination of micropore size
distribution in carbonaceous materials. Figures 2.9 and 2.10 show the pore size

distribution obtained for CMSM 550 and CMSM 500, respectively.
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Figure 2.9. Micropore size distribution for CMSM 550.
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Figure 2.10. Micropore size distribution for CMSM 500.
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It can be seen that the studied carbon membranes present ultramicropores (0.3-0.7
nm range) and larger micropores (0.7-1.0 nm). However, CMSM 500 have a large
number of micropores with larger dimensions when compared to CMSM 550. On the
other hand, CMSM 550 have a large number of micropores with narrower pore size
distributions.

These small changes in the number and size of both ultramicropores and larger
micropores influence the permeability and permselectivity performance of both

membranes, as will be shown in the section 2.4.4.

2.4.4. Single gas permeation experiments

The permeance of the supported CMSM obtained at 500 °C and 550 °C was assessed
for N2(0.364 nm), O, (0.346 nm), He (0.260 nm), H; (0.290 nm) and CO; (0.335 nm) —the
values in brackets correspond to the kinetic diameter of the gases [48]. The produced
CMSM were exposed to the room conditions for 6 days. Afterwards, the samples were
heated at various temperatures (140 °C, 160 °C and 200 °C) during 2 h under N;
atmosphere with a heating rate of 0.7 °C-min™*. The relative feed pressure was varied
between 0.10 MPa and 0.50 MPa while the permeate was kept at ca. 0.10 MPa
(atmospheric pressure). Gas permeation experiments were carried out from 25 °C to
120 °C.

The effect of the carbonization end temperature on the permeability of two sets of
resorcinol-formaldehyde carbon membranes is summarized in Figure 2.11. It can be
concluded that the devised preparation process originates membranes with very similar
permeation properties. Moreover, the samples carbonized at higher temperature
(CMSM 550) have generically smaller gas permeation rate; for example, the permeability
to N, became around 3 times smaller when compared to CMSM 500 samples. This can
be attributed to the ultramicropores shrinkage [49, 50]. CMSM 500 also have a larger
mean pore width, /= 0.68 nm compared to CMSM 550, /= 0.58 nm (Table 2.1). However,
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CMSM 550 have a larger volume of ultramicropores (comparing Figures 2.9 and 2.10).

This leads to a higher permeance of CMSM 550 than of CMSM 500 to He.
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Figure 2.11. Permeability as a function of the kinetic diameter of gas molecules for two sets of supported
carbon membranes obtained at different end carbonization temperatures. Lines were added for
readability.

The performance of a membrane towards a separation is characterized by the
permeability to the target species as well as the corresponding selectivities. Under all
tested conditions, it was observed that the best compromise between permeability and
selectivity was achieved for the membranes carbonized at 550 °C, activated at 140 °C
and measured at 120 °C. Therefore, these results will be further discussed here.

Figure 2.12/Table 2.2 and Figure 2.13/Table 2.3 show the permeance as a function of
the relative feed pressure for CMSM 500 and CMSM 550, respectively.
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Figure 2.12. Gas permeance as a function of the relative feed pressure for CMSM 500. Membranes were
activated at 140 °C for 2 h under N, atmosphere before permeation experiments.

Table 2.2. Permeance properties as a function of the relative feed pressure for CMSM 500. Membranes
were activated at 140 °C for 2 h under N, atmosphere before permeation experiments.

Permeance (mol-m2s'-Pa’l)

Feed pressure

(kPa) N2 0, He Ha CO2
500 2.465x101° 1.513x10° 3.947x10® 5.484x10% 4.831x10°
300 * 1.562x10°  4.017x10® 5.571x10% 4.310x10°
100 * 1.403x10° 4.189x10® 5.931x10® 1.615x10°

*Below the detection limit
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Figure 2.13. Gas permeance as a function of the relative feed pressure for CMSM 550. Membranes were
activated at 140 °C for 2 h under N, atmosphere before permeation experiments.

Table 2.3. Permeance properties as a function of the relative feed pressure for CMSM 550. Membranes
were activated at 140 °C for 2 h under N, atmosphere before permeation experiments.

Permeance (mol-m2%s*.Pa?)

Feed pressure

(kPa) N2 02 He H> CO2

500 <8.530x10*! 1.062x10° 4.614x10® 5.029x10%® 2.256x107°
300 * 1.075x10° 4.653x10® 4.775x10% 1.774x107°
100 * 8.173x1071° 4.766x10® 5.312x10® < 8.530x101°

*Below detection limit

The permeance toward all gases is pressure-dependent: Nishiyama et al. [42] and
Lagorsse et al. [45] reported that this behavior seems to become more evident as the
intensity of the adsorbate-adsorbent interactions increases. Since CO, shows a more
pronounced permeance increase with pressure, CO; should have more affinity to the

resorcinol-formaldehyde based carbon membranes than the other gases.
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The effect of temperature on the permeance of CMSM 550 to the probing gases is

illustrated in Figure 2.14.
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Figure 2.14. Gas permeance as a function of temperature for CMSM 550 (N;, O, CO; - top figure; He,
H, - bottom figure). Membranes were activated at 140 °C for 2 h under N, atmosphere before permeation
experiments.
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It can be seen that membrane permeance increases as the temperature increases.
This reveals that the gas transport through the carbon molecular sieve membranes is an
activated diffusion process, as expected for a molecular sieve mechanism [2].

From the change of CMSM permeance with temperature, the apparent activation

energy can be estimated according to the following Arrhenius equation:

E D
In(P)=—Z +nl 22
n( ) +n(RTj (2.3)

where D, is a pre-exponential factor, E, is the apparent activation energy, P is the

permeability, R is the gas constant and T is the absolute temperature.

The estimated apparent activation energies for O,, He, H, and CO; are 17.0, 7.0,
10.8 and 18.2 kJ-mol?, respectively. These values are relatively close to other values
reported in literature [51]. The apparent activation energy for N, was not calculated
because permeation data is only available for temperatures above around 100 °C (see
Figure 2.14), and therefore there were not enough data to make the corresponding
Arrhenius plot. Ideal selectivities obtained for both carbon molecular sieve membranes

sets are shown in Table 2.4.

Table 2.4. Ideal selectivities for CMSM 500 and CMSM 550. Membranes were activated at 140 °C for 2 h
under N; atmosphere before permeation experiments being performed.

Ideal Selectivity

Sample
P 02/N; He/N2 H2/N2 CO2/N;
CMSM 500 5.9 221.0 158.0 15.4
CMSM 550 >11.5 >554.0 >586.0 >23.3

It can be seen that ideal selectivity for all gas pairs increase significantly when
membrane carbonization end temperature increases from 500 °C to 550 °C. Small
differences observed in pore size distribution and mean pore width are very important
and strongly influence the diffusion of molecules with closer sizes such as N, O, and

CO..
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The obtained permeabilities and ideal selectivities were inserted into the semi-

empirical plots devised by Robeson in 2008 [52]. Figures 2.15, 2.16, 2.17 and 2.18

illustrate the upper bound limits for 02/N2, He/N,, H2/N> and CO,/N,, respectively.
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Figure 2.15. Robeson upper bound plot for O,/N; gas pair showing the data for CMSM 500 and CMSM

550.

CMSM 550 showed promising results for the separation of O,/N2 (permeability: 8.7

barrer; and ideal selectivity: >11.5), H,/N, (permeability: 445.6 barrer; and ideal

selectivity: >586) and He/N, (permeability: 413.8 barrer; and ideal selectivity: >544).

Finally, Figure 2.19 compares these results with permeation data of CMSM produced

from other low-cost precursors (phenol-formaldehyde resins).
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Figure 2.16. Robeson upper bound plot for He/N; gas pair showing the data for CMSM 500 and CMSM
550.
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Figure 2.17. Robeson upper bound plot for H,/N, gas pair showing the data for CMSM 500 and CMSM 550.
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Figure 2.18. Robeson upper bound plot for CO,/N; gas pair showing the data for CMSM 500 and CMSM
550.

It can be concluded that CMSM 550 exhibits higher ideal selectivities towards
02/N,, He/N; and Hz/N; and higher permeabilities towards H, and He when compared
to similar studies [1, 4, 8, 36, 37, 53-57]. However, lower permeabilities were obtained

towards O, [36, 53, 54, 56].
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Figure 2.19. Robeson upper limits and comparison with pure gas permeation results obtained with
low-cost phenol-formaldehyde resins derived carbon membranes. All selectivities are relative to Na.
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2.5. Conclusions

Carbon molecular sieve membranes were successfully prepared in a single
dipping-drying-carbonization sequence. Membranes with reproducible properties were
prepared from resorcinol-formaldehyde resin, a low-cost precursor, loaded with
boehmite nanoparticles. The effect of the carbonization end temperature was assessed
and better separation properties were found for sample CMSM 550, carbonized in an
inert atmosphere at 550 °C. For improving their permeation stability, membranes were
contacted with ambient air for 6 days and activated at 140 °C under N, atmosphere.
Carbon molecular sieve membranes carbonized at 550 °C end temperature showed large
number of micropores with a narrower pore size distributions and much higher ideal
selectivities and relatively similar gas permeation rates than those produced at 500 °C.

The Robeson upper bound for polymeric membranes was overtaken by CMSM 550,
regarding 02/N, (O, permeation rate: 9.85x10° mol-m?2-s-Pal and ideal selectivity:
>11.5), Hy/N2 (H, permeation rate: 5.04x10® mol-m2s'-Pa’! and ideal selectivity: >586)
and He/N; (He permeation rate: 4.68x10® mol‘m%s*-Pa? and ideal selectivity: >544)
separations. CMSM 550 are superior to many reported carbon membranes produced
from other low-cost precursors, indicating that CMSM produced from

resorcinol-formaldehyde resin have potential for gas separation.
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Chapter 3.A — Carbon membranes with extremely high
separation performance and stability?

3.1. Abstract

For some time carbon molecular sieve membranes have been promoted as
energy-efficient candidates for gas separation due to their high selectivity, permeability
and stability in chemically aggressive environments. Nevertheless, these membranes
have not yet made it into commercial products due to a significant decrease in
performance when exposed to humidity and/or oxygen. Here we show that carbon
molecular sieve membranes with extremely high separation performance and stability
even in the presence of humidity can be prepared from a renewable low-cost precursor
with a single carbonization step. The membranes showed a linear water vapor
adsorption isotherm, characteristic of a homogeneous distribution of hydrophilic sites
on the pore surfaces, allowing for water molecules to hop continuously between sites
and avoiding the formation of pore-blocking water clusters. These results are a

breakthrough towards bringing this new type of membrane to a commercial level.

1S.C. Rodrigues, M. Andrade, J. Moffat, F.D. Magalh3es, A. Mendes, Carbon membranes with extremely high separation
performance and stability, submitted, (2017).
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3.2. Introduction

Carbon molecular sieve membranes (CMSM) were first reported by Koresh and
Soffer in the 80s [1, 2] and have been widely studied since. CMSM are prepared by
controlled carbonization of a polymeric precursor. They have a unique slit-like
microporous structure formed by disordered non-homogeneous graphene-like layers;
the resulting pore network consists of relatively wide pores with short narrow
constrictions [3]. The combination of the molecular sieving effect at the narrow
constrictions with the adsorption and diffusion mechanism on the larger micropores
provides the simultaneous high permeability and high selectivity performance that is
distinctive of these materials [4]. Several parameters can be manipulated to tune the
size of the pores to a particular gas separation including the choice of precursor, the
pre-treatment, the carbonization conditions (temperature history and atmosphere),
and the post-treatment of the resulting material [5].

In addition to presenting high permeability and selectivity, an ideal membrane
should maintain its performance in the presence of humidity and oxygen, be stable
under harsh thermal and chemical environments, be mechanically resistant, and have
a low production cost. CMSM are already known to have high permeability towards
gases and excellent selectivities, overcoming the Robeson upper bound for polymeric
membranes and to be thermally and chemically stable [6, 7]. However, they exhibit
pore blockage in the presence of water vapor, and oxygen chemisorption when
exposed to air, even at room temperature. This significantly hinders the performance
and seriously limits its industrial applicability [8]. In addition, they are brittle making
manipulation and assembly into a functional module difficult [9].

Here we elucidate unique CMSM that do not show any noticeable pore blockage
when treating a humidified stream with up to ca. 80 % relative humidity (RH).
Furthermore, these membranes display high flexibility and extraordinary separation
performance. As described below, these novel CMSM are produced in a single

carbonization step and use a low-cost precursor obtained from a renewable source.
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Figure 3.1 illustrates the empirical selectivity/permeability upper bounds for O,/N>
(Figure 3.1-A), CO,/CH4(Figure 3.1-B) and H,/CH4 (Figure 3.1-C) separations, as defined
by Robeson in 2008 for polymeric membranes [10], together with the results obtained
in this work, and a comparison with some results reported in literature [6, 11-19]. One
of the membranes produced, CMSM 600, is situated far above Robeson’s upper bound,
showing an O,/N; ideal selectivity greater than 800, for a permeability to oxygen of
0.78 barrer, a CO,/CH, ideal selectivity greater than 2600, for a permeability to CO, of
2.57 barrer, and a H,/CH, ideal selectivity greater than 25 000, for a permeability to
hydrogen of 25 barrer. The arrows in the charts indicate the superior ideal selectivities
which are significantly higher than those reported previously.

Since CMSM were first reported, several important advancements have been
reported, primarily concerning precursor selection and modifications,
pre-/post-treatments and addressing the humidity pore blockage and oxygen
chemisorption. The precursor determines the final structure of the CMSM as illustrated
by Figure 3.2, where very different micropore shapes are visible. Numerous
thermosetting polymeric precursors have been extensively studied, namely polyimide,
phenolic resin, polyfurfuryl alcohol, polyacrylonitrile and cellulose [9]. Consistently,
however, cellulose-based precursors provide membranes with especially high
selectivities and permeabilities to several permanent gases [20]. Cellulose also has the
advantage of being a low-cost biopolymer. In 1983 [2], the first carbon membranes
were prepared from the carbonization of cellulose hollow fibers and their application
to gas separation processes was patented in 1987 [21]. The same authors patented [22]
later a full description of the production process for hollow fiber membranes from
cellulose. For a period of time, an Israeli company, Carbon Membranes Ltd., produced
mechanically stable hollow fiber dense membranes from cellulose cupra-ammonia
precursors. This was the first and, so far, the only company worldwide to produce at an
industrial scale high quality hollow fiber membranes; the company closed, however, in

2001.
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Figure 3.1. Robeson plots for (A) O,/N,, (B) CO,/CH4 and (C) Ho/CHg4 gas pairs showing the data for the
cellophane-based CMSM. The data of reported literature are shown for comparison.
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Before the carbonization step, treatments have been applied to provide additional
dimensional stability to the polymeric matrix; these include air oxidation to make the
polymer structure less prone to relaxation during carbonization, immersing
membranes in chemical solutions to prevent pores to collapse, and use of catalysts for
promoting carbonization at lower temperatures [23]. Precursors of polymer blends
with inorganic particles of metals, zeolites, silica, boehmite and carbon nanotubes,
have also been extensively used as a strategy for improving CMSM permeability and
selectivity [9]. Chemical vapor deposition and post-oxidation have been applied to
narrow and enlarge the pores, respectively [23]. Recently, Koros and Singh [24]
patented a new oxygen doping method, where higher temperature and a trace amount
of oxygen are used after carbonization for enhancing the selectivity of CMSM, while
maintaining high permeance.

Many authors have concentrated their efforts on addressing the well-known
CMSM aging effect, associated with the degradation of the membrane performance
over time when exposed to humidity and oxygen. Water vapor is known to cause a pore
blockage effect, where above a threshold partial pressure the CMSM loses reversibly
most of its permeability [25, 26]. Jones and Koros [27] are among the few authors to
address this challenge, coating their CMSM with a very thin film of Teflon® with
encouraging results. For membranes coated with the protective layer, the permeability
to oxygen only decreased 11 % under 83-85 % RH.

Many models have been developed to describe water vapor adsorption in carbon
materials [28, 29]. In 2005 [30] the authors developed a model for water vapor
adsorption/desorption on CMSM based on Do’s model for activated carbons [31]. This
model, which will be discussed below in more detail, describes the water adsorption as
occurring on hydrophilic sites present in specific location within the pores, via hydrogen
bonding. Sufficiently large clusters gain the ability to leave the primary adsorption site
and to roll over the hydrophobic surface eventually clogging the pore at a constriction

location. This model explains the water pore blockage effect as originated by the sparse

89



Chapter 3.A

location of the hydrophilic sites within the pores, such as at the edges of the
graphene-like layers.

The active sites at the edges of the graphene-like layers easily chemisorb oxygen
forming oxygen functional groups [32] that reduce the CMSM open porosity.
Treatments with hydrogen at high temperatures, where the hydrogen passivates the
active sites, have been proposed by some authors. However, hydrogen passivation is
not fully effective and many sites still exhibit sufficient reactivity to chemisorb oxygen
[26]. CMSM have a great affinity to adsorb hydrocarbon molecules; in 1994, Koros [8]
proposed the use of propylene as a cleaning agent after the exposition of CMSM to
contaminants. A few years later, Menendez and Fuertes [33] concluded that propylene
could be a protective treatment to prevent the chemisorption of oxygen. Furthermore,

membrane permeabilities were not adversely affected by the propylene treatment.

3.3. Remarkable separation performance

Cellophane is a natural, renewable, low-cost polymer produced from wood
cellulose by the viscose process. Briefly, cellulose is treated using aqueous sodium
hydroxide to form ‘alkali cellulose’, which is then reacted with carbon disulphide to
produce a solution of sodium cellulose xanthate, known as viscose. The aged viscose is
then extruded through a slot die into a bath of dilute sulfuric acid and sodium sulfate
to regenerate the cellulose as a film. The film is then passed through several baths to
remove sulfur, to bleach the film and add softeners (normally, glycerin and urea) to
prevent the film from becoming brittle. Cellophane was first reported as a promising
precursor for CMSM by the authors in 2010 [34].

Membranes were prepared by carbonization of cellophane in one step according
to the procedure described in the Supplementary Information (Chapter 3.B). Briefly,
cellophane films were carbonized under a nitrogen atmosphere at various
temperatures, namely 400 °C (CMSM 400), 500 °C (CMSM 500), 550 °C (CMSM 550)
and 600 °C (CMSM 600). A slow heating rate of 0.5 °C-min* and several 30 min dwells
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were implemented to avoid the formation of cracks and defects. Single gas permeation
experiments were performed on the CMSM using several probe species at 25 °C: N;
(0.364 nm), O, (0.346 nm), He (0.260 nm), H, (0.290 nm), CO, (0.335 nm), CH,4
(0.380 nm), C3He (0.450 nm), CsHg (0.430 nm) and water vapor (0.268 nm) — the
numbers in brackets are the kinetic diameters of the gases. Prior to permeation
experiments, the CMSM were glued to steel O-rings and exposed to lab air for 4 days.
Table 3.1 shows the permeabilities obtained for the CMSM prepared at different

carbonization end temperatures.

Table 3.1. Permeabilities of CMSM at 25 °C.

Permeability (barrer)

Sample
N2 02 He H2 CO2 CHa H20 CsHe CsHs

CMSM 400 0.07 0.73 543 8.35 3.39 0.008 12.07 n.d* n.d*
CMSM 500 0.06 095 10.24 1894 8.21 n.d* 1596 n.d* n.d*
CMSM 550 0.07 133 17.26 3259 13.03 0.01 28.51 0.056 0.035

CMSM 600 <0.001 0.78 11.78 2490 257 <<0.001 25.20 0.065 0.025

n.d* = not determined

In general, permeability decreases as the gas kinetic diameter increases, indicating
that the CMSM have size-discrimination ability. Water vapor permeates faster than He
despite being a larger species. This is believed to be associated with the hydrophilic
character of these membranes, as it will be discussed later. The membrane is also more
permeable to hydrogen than to helium, despite the larger size of hydrogen, due to its
higher adsorption affinity [11]. A comparison between the membranes (Table 3.1),
reveals that the permeabilities to all gases increase with carbonization end
temperature up to 550 °C, decreasing thereafter. Thermogravimetric analysis (Figure
S.1, Chapter 3.B) suggests that up to 550 °C most of the heteroatoms present in the
precursor have been released in the form of volatile matter. Therefore, the increase in
the permeability up to 550 °C is mostly related to pore network formation. At 600 °C,

the decrease in the permeability suggests that carbon atoms are rearranging into a
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constricted structure by a sintering mechanism [35]. Table 3.2 shows the obtained ideal
selectivities for the CMSM. The separation performance is extremely high, particularly

for the CMSM prepared at 600 °C.

Table 3.2. Ideal selectivities of CMSM at 25 °C.

Ideal Selectivity

Sample
02/N2  Hz/N2 H2/CHa CO2/N2 CO2/CHs He/N2 H2/O2 C3He/CsHs

CMSM 400 10.4 119.3 1043.8 48.4 423.8 77.6 11.4 n.d*

CMSM 500 15.8 315.7 n.d* 136.8 n.d* 170.7 19.9 n.d*
CMSM 550 19.0 465.6 3259.0 186.1 1303.0 246.6 245 1.6
CMSM 600 >800 >25000 >>25000 >2600 >>2600 >1200 44.5 2.6

n.d* = not determined

Despite the very high ideal selectivities displayed by these CMSM for most of the
gas pairs, ideal selectivity towards C3Hg/CsHs is rather low when compared to other
values reported in the literature (5-15 times lower) [16, 36-38]. To understand this
apparent contradictory behavior, it was decided to prepare and characterize a carbon
molecular sieve adsorbent (CMS) displaying particularly high C3Hs/C3Hsg ideal selectivity.
The CMS was prepared from a phenolic resin precursor at 1100 °C. Table S.1 (Chapter
3.B) shows the CsHs/CsHs and 0,/N, ideal selectivities for the CMSM and for the CMS,
together with a brief comparison with literature values [16, 36-38]. It is apparent that
when carbon molecular sieves show high 0»/N; ideal selectivities, low CsHe/CsHs ideal
selectivities are obtained and vice-versa. This suggests the existence of two extreme
sieving mechanisms in carbon molecular sieves. Those mechanisms are rationalized as
being: a) gate sieving for carbon molecular sieves having a gate-like pore shape, which
are selective for spheroid gas species such as 0,, N,, etc. and b) tubular sieving for
carbon molecular sieves having a tubular pore shape, which are selective for linear gas
species such as CsHg and CsHs. To better understand the role of the pore morphology,

high resolution transmission electron microscopy (HRTEM) images were taken of the

92



Carbon membranes with extremely high separation performance and stability

two carbon molecular sieve samples: Figure 3.2 shows the HRTEM images of a CMSM

carbonized at 550 °C (Figure 3.2-A) and the CMS adsorbent (Figure 3.2-B).

Figure 3.2. HRTEM images of the produced carbon molecular sieves: (A) CMSM 550, (B) CMS adsorbent.

As expected, the pore morphology of the two materials is very different: for the
sample with high O,/N;ideal selectivities, gate-like pores are present, characteristic of
a gate sieving mechanism, whereas sample with high CsHe/CsHs ideal selectivities
present interconnected pores in the form of tubes, characteristic of a tubular sieving
mechanism.

The CMSM separation performance was also evaluated for a gas mixture
(50 % 02/ 50 % N,) at 25 °C, using CMSM prepared at 550 °C. The selectivity obtained
from these bicomponent experiments was the same as the ideal selectivity computed
from the single gas permeation runs (a = 19 for CMSM 550); this is because oxygen and

nitrogen have similar adsorption isotherms.

3.4. Unique water vapor/oxygen stability

The adsorption of water vapor in carbon materials typically exhibits a type V
isotherm [31], according to International Union of Pure and Applied Chemistry (IUPAC)

designation, also known as S-shape isotherm; adsorption is almost nonexistent up to
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relative pressures of ca. 0.3, but a significant uptake occurs at higher relative pressures.
Some existing models assume that water adsorption on CMSM occurs essentially in
three consecutive steps: i) water molecules adsorb onto hydrophilic functional groups,
involving non-carbon species on the pore surface (i.e., carboxyl, carboxylic anhydride,
phenol, carbonyl, lactone, ether or quinone groups); ii) after an initial molecule
becomes adsorbed, others attach to it through hydrogen bonding, forming clusters of
several water molecules; iii) the resulting cluster composed by m water molecules has
enough dispersion energy to be released from the hydrophilic group, rolling up until
blocking a constriction of the pore network.

Permeation experiments in the presence of 75-77 % RH were undertaken using
CMSM prepared at 550 °C, to determine membrane’s performance stability in the
presence of water vapor. Permeation data collected at 25 °C showed that humidity
does not affect the membrane’s ability to permeate and separate gases; the total flux
increased ca. 2.5 times (the permeability to oxygen stays roughly constant) — Table 3.3.
This increase is due to the very fast permeation of water vapor that occurs due to the

membrane’s high hydrophilicity as it will be shown later.

Table 3.3. Permeability of CMSM 550 sample to dry and humidified O, and N,.

Dry feed Humidified feed
. - Permeability to Permeability to
Sample RH(%) Fermeability  Permeability humidified O, humidified N,
to Oy (barrer)  to Ny (barrer)
(barrer) (barrer)
CMSM 550 75-77 1.33 0.07 3.30 0.08

Water vapor adsorption/desorption isotherms at 25 °C were measured for the
CMSM prepared at different carbonization end temperatures (Figure 3.3). All materials
showed linear or quasi-linear adsorption isotherms, instead of the markedly S-shape
curves normally displayed by CMSM [30]; the linear adsorption behavior (Fig.3.3-C) has

never been reported. Since the hydrophilicity of a carbon material determines its
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adsorption behavior toward water vapor, this indicates that these membranes do not

have the same hydrophobic character as those previously reported elsewhere [31].
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Figure 3.3. Water vapor adsorption/desorption equilibrium isotherms: (A) CMSM 400, (B) CMSM 500, (C)
CMSM 550, (D) CMSM 600.

Linear water vapor adsorption/desorption isotherms are characteristic of carbon
materials with hydrophilic sites homogeneously distributed throughout their inner
surfaces, allowing water molecules to jump smoothly between polar sites and avoiding
the formation of molecular water clusters. As a consequence, humidity exposure does
not cause pore blockage. X-ray photoelectron spectroscopy (XPS) analysis performed
on the CMSM indicates the presence of metallic and semi-metallic elements,
incorporated in the membranes during cellophane film production, namely ionic

sodium and silica nanoparticles (Table S.2). These elements homogeneously dispersed
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throughout the pore surfaces and also the small size of the graphene-like platelets
(Figure 3.2-A) with the typical hydrophilic sites at their edges provide a hydrophilic
character to the pore walls that allows surface diffusion of water molecules, therefore
minimizing cluster formation.

Fourier transform infrared spectroscopy (FTIR) analysis allowed detection of
oxygen functional groups, such as hydroxyl, carbonyl, ether, ester and carboxylic, in the
membranes’ material (Figure S.2). However, these were already expected to be present
and should not be associated with the peculiar water-adsorption behavior of the
produced membranes.

The end carbonization temperature seems to have a noticeable influence on
membrane surface chemistry. As it increases, the water vapor adsorption isotherm
becomes increasingly linear (Fig. 3.3-A, Fig. 3.3-B and Fig. 3.3-C), indicating an
increasingly hydrophilic character. Above 550 °C, however, the isotherm becomes
curved again (Fig. 3.3-D), and at 900 °C it displays already a marked S-shape (Figure S.3).
With the increase of the carbonization end temperature, the atomic concentration of
ionic sodium on CMSM surface increases and, in contrast, the atomic concentration of
oxygen decreases. The slight increase in atomic concentration of oxygen observed on
CMSM 600 surface should be related to oxygen chemisorption (Table S.2). A
carbonization end temperature of 550 °C appears to provide an optimum condition for
the concentration of hydrophilic elements homogeneously distributed on CMSM
surface.

Contact angle measurements performed on the different CMSM surfaces are
coherent with the previous observations (Table S.3). The water contact angle decreases
with an increase in carbonization end temperature between 400 °C and 550 °C, as the
surface becomes more hydrophilic. At 600 °C, a slight increase in the water contact
angle is observed, associated with higher hydrophobicity.

To determine the performance stability of the membranes in the presence of
oxygen, membranes prepared at 550 °C and 600 °C were exposed to ambient air over

several days, and their permeability to oxygen and nitrogen evaluated as a function of
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exposure time (Table S.4). The results revealed that the permeability to oxygen
decreased by ca. 66 % for CMSM 550 when increasing air exposure time from 2 to
5 days. For CMSM 600, permeability decreased by ca. 69 % when increasing exposure
from 2 to 7 days. This shows that the prepared membranes are susceptible to oxygen
chemisorption. However, up to a certain point, this process favors the selectivity of the
membranes; when CMSM are exposed to ambient air before permeation tests,
improved ideal selectivities are obtained compared to CMSM tested without air
exposure (Table S.5). This is because oxygen chemisorbs on active sites in the pore
surface during air exposure, forming oxygen-containing groups on the pore windows.
As a consequence, the effective pore width narrows and improved selectivities are
obtained.

As previously discussed, carbon membranes storage under a propylene
atmosphere is a known strategy to protect them from oxygen chemisorption with
minimal impact in the transport properties. Thus, immediately after carbonization, a
CMSM 550 sample was stored under propylene at 2 bar for 10 days; a CMSM 550
control sample was also stored in contact with atmospheric air. Propylene was able to
stabilize the membranes concerning oxygen chemisorption. After 3 days of air
exposure, permeability to oxygen of the treated CMSM 550 decreased ca. 2 %, within
the experimental error (Table S.5). Moreover, the membrane permeability was not

unfavorably affected by the propylene treatment.

3.5. Morphological and structural characterization

The morphology of the membranes was analyzed by scanning electron microscopy
(SEM) as shown in Figure S.4. Figure S.4-A indicates a uniform carbon membrane
(CMSM 550) with ca. 9.5 um thickness. The measured thicknesses from the
cross-section views indicated that an increase in the carbonization end temperature
led to a decrease in membrane thickness. SEM micrographs also revealed that all CMSM

produced at different carbonization end temperatures present very similar surface
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features. The observed microspheres clusters are a usual product of hydrothermal
carbonization of cellulose at >220 °C (Figure S.4-B).

The flexibility of the disk-like membranes was assessed by bending them with a
smaller bend radius indicating greater flexibility. It was observed that membrane
flexibility tends to decrease as the carbonization end temperature increases;
nevertheless, all prepared CMSM were flexible as shown in Figure S.5.

The pore size distribution of samples carbonized at 550 °C and 600 °C was obtained
using the method proposed by Do et al. [39, 40] for carbonaceous materials (Figure S.6).
The membranes present ultramicropores (0.3-0.7 nm) and micropores (0.7-1.0 nm).
CMSM 550 presents a large volume of micropores with larger dimensions when
compared to CMSM 600. On the other hand, CMSM 600 presents a large volume of
ultramicropores compared to the samples prepared at 550 °C. These small changes in
the amount and size of both larger micropores and ultramicropores have a significant
influence on the permeability and selectivity of the membranes, as previously

observed.

3.6. Foreseen industrial applications of the new CMSM

The cellophane based-CMSM, with their exceptional separation performance and
stability, are promising materials for numerous industrial applications. Examples
include: oxygen and nitrogen separation from air, CO, separation from flue gas,
recovery of hydrogen from natural gas, separation of hydrogen from syngas, removal
of CO, from natural gas, air dehumidification, natural gas dehydration and xenon
separation from gas mixtures. Moreover, these CMSM might be considered in
applications coupled with other processes, such as cryogenic distillation and pressure
swing adsorption; this might be especially relevant for producing xenon for medical and

space applications.
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Carbon membranes with extremely high separation performance and stability*

S.1. Materials and methods

S.1.1. Preparation of carbon molecular sieve membranes

Transparent commercial cellophane paper (Sadipal Stationery Papers) was used as
precursor film. Before carbonization, the precursor film was cut in disks with 48 mm
diameter. The carbonization of the cellophane disks was accomplished in a quartz tube
(80 mm in diameter and 1.5 m in length) inside a tubular horizontal Termolab TH
furnace. To guarantee temperature homogeneity along the quartz tube, the furnace
has three separating heating elements controlled by a Eurotherm PID temperature
controller. The carbonization was performed under N, atmosphere with a flow rate of
170 ml-min’. The temperature history to prepare carbon molecular sieve membranes
(CMSM) from cellophane precursor involved essentially slow heating rates with several
dwells of 30 min to avoid a quick release of residual solvents and volatile matter that
could damage the carbon matrix, causing cracks/defects, as described elsewhere [1].
The end temperature varied between 400 °C and 600 °C. After the end temperature
was reached, the system was allowed to cool naturally until room temperature and the

carbon membranes were removed from the tubular furnace.

1S.C. Rodrigues, M. Andrade, J. Moffat, F.D. Magalhdes, A. Mendes, Carbon membranes with extremely high separation
performance and stability, submitted, (2017).
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S$.1.2. Monocomponent permeation experiments

Prior to permeation experiments, CMSM were glued to steel O-rings. Epoxy glue
(Araldite” Standard) was also applied along the interface of the steel O-ring and the
carbon membrane, as described elsewhere [1]. A sintered metal disc covered with a
filter paper was used as support for the film in the test cell. Single gases were tested at
25 °C, where the feed pressure was 1 bar and the permeate pressure was ca. 0.03 bar.
The tests were performed in a standard pressure-rise setup with LabVIEW® data
logging. The system included the membrane module connected to a vessel with a
calibrated volume at the permeate side and connected also to a gas cylinder at the feed
side. The feed gas could either be used dry or passed through a bubbler with distilled
water prior to the membrane module (Figure S.7). The relative humidity was checked
with a RH meter (Vaisala DMP74b) at an exit port. Oxygen, nitrogen, helium, hydrogen
and carbon dioxide used in the present work were from Air Liquide (99.999 % pure).
Propane and propene were from Praxair (99.5 % pure) and methane was from Linde
(99.995 % pure).

The permeability of the CMSM towards a pure component i, P, was determined as

described by the following equation:

F
p=——"1

where F; is the flux of the species j, AP,. is the partial pressure difference of species i

between the two sides of the membrane and & is the membrane thickness (determined
by scanning electron microscopy). The membrane permeability to pure component i
was computed from the experimental data as follows:
oV, v, AP,

P=—2>" P2
' RTtA(P,—P)

(3.2)

where V, is the volume of the permeate tank, V,, is the molar volume of the gas at

normal conditions, R is the gas constant, T is the absolute temperature, t is the time
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to a certain increment in the permeate pressure Aﬁ,, A is the effective area of the flat

carbon membrane and Pf and Pp are the feed and permeate pressure, respectively.

The permeability is expressed in barrer where 1 barrer =3.39 x 10 mol‘m-m2-s-Pa?.
The ratio of two gases permeability is termed ideal permselectivity (often

designated as ideal selectivity):

OL_B 3.3
“=p (3.3)

S$.1.3. Bicomponent permeation experiments

Analysis of separation of gas mixtures (50 % O,/ 50 % N3) was carried out at 25 °C
for CMSM prepared at 550 °C. Briefly, the gas mixture at a pressure of 1 bar was
introduced into the retentate side of the permeation cell. Argon was used as carrier gas
and flowed through the permeate side (Pressure: 1 bar). The gas concentration in the

permeate side was measured with a mass spectrometer (Pfeiffr, Omnistar) (Figure S.7).

S.1.4. Water vapor adsorption/desorption equilibrium isotherms

The adsorption and desorption equilibrium isotherms of water vapor were
obtained by the gravimetric method using a suspension magnetic balance from
Rubotherm® (+10°° g precision) at 25 °C. The sample was fragmented into flakes and
placed in the weighting basket. The system (illustrated in Figure S.8) basically consists
on the magnetic suspension balance, 2 pressure sensors (Druck, range 0-7 bar and
0-350 mbar, 0.1 % FS), a vacuum pump (Edwards, RV5) and a thermostatic bath (Huber,
CC1) for circulating the liquid at the desired temperature.

A temperature-controlled tank containing liquid water was used to fill the 5 L
jacketed tank with water vapor at the desired pressure (Figure S.8). The tank containing
liquid water was previously connected to the vacuum pump for dissolved gases removal

and for removing the head gas volume.
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S.1.5. Contact angle measurements

Contact angles were measured using the sessile drop method (DataPhysics
OCA-Series) where water, ethylene glycol (Sigma-Aldrich, 99.8 %) and n-hexadecane
(Sigma-Aldrich, 2 99 %) were employed as probing liquids. A needle connected to a
micro syringe was used to place the liquid drops on the surfaces. For each drop

150 points were collected.

S.1.6. Pore size distribution (PSD)

The PSD of the produced CMSM were obtained based on the adsorption
equilibrium isotherm of CO, at 0 °C determined in a fully automated 3-station

instrument (Micromeritics). A bath within = 0.1 °C was used for temperature control.

S.1.7. High-resolution transmission electron microscopy (HRTEM)

HRTEM was performed on the produced CMSM and CMS adsorbent in a FEI Titan
Cubed microscope operated at 300 kV. This instrument was equipped with an image

aberration corrector that provides 80 pm resolution.

S.1.8. Scanning electron microscopy (SEM)

Micrographs of the produced CMSM have been taken by SEM. A FEI Quanta
400FEG/EDAX Genesis X4M with 1.2 nm resolution was used.

S.1.9. Thermogravimetric analysis (TG)

Thermogravimetric analysis was used to assess the thermal decomposition
kinetics and stability of precursor in inert atmosphere. TG was carried out in a Netzsch
TG 209 F1 Iris thermogravimetric balance with a resolution of 0.1 um. The amount of
sample provided for the analysis was about 5 mg. The heating protocol to determine

the characteristic curve [3] consisted on a first rise of the temperature from room
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temperature to 110 °C at 25 °C-min under nitrogen atmosphere, with two dwells at
50 °C (for 10 min) and 110 °C (for 7 min); subsequently, temperature was raised from
110 °C to 950 °C with a dwell at 950 °C (for 9 min) and finally the sample was kept at

950 °C for more 11 min under oxygen atmosphere.

S.1.10. Fourier transform infrared spectroscopy (FTIR)

The chemical structure of the samples was investigated by Fourier transform
infrared spectroscopy. FTIR spectra of the cellulosic precursor and the different CMSM
were measured on a Perkin Elmer Spectrum 100 spectrometer with universal
attenuated total Reflectance (ATR). A total of 16 cumulative scans were taken with a

resolution of 4 cm™in the frequency range 4000-650 cm™, in transmission mode.

S.1.11. X-ray photoelectron spectroscopy (XPS)

Surface chemical characterization of the membranes was carried out by X-ray
photoelectron spectroscopy. XPS spectra were obtained using a Kratos Axis Ultra HSA
spectrometer with a monochromatic Al ka ray source (1486.7 eV) operating at 15kV
(90 W) and with VISION software for data acquisition and CASAXPS software for data
analysis. Data acquisition was performed with a pressure lower than 10 x 10 Pa using
a charge neutralization system. Survey spectra in the range 0-1300 eV were recorded
at 80 eV of pass energy. High resolution spectra were recorded in FAT (Fixed Analyzer
Transmission) mode with a pass energy of 40 eV. The binding energy scale was

corrected by referring to the polyaromatic peak in the C1s spectrum as being 285 eV.
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S.2. Supplementary text

S5.2.1 Contact angle measurements

The evaluation of the surface energy (7Y, ) of the CMSM and corresponding polar

(Y?) and dispersive (yf) components were carried out using the

Owens-Wendt-Rable-Kaeble (OWRK) model [2]:

Vo= +v.F (3.4)
1+cos0 P
LA B e (3.5)
2 «Wl 11

where v, v,” and yld are the superficial tension of the liquid and the corresponding

polar and dispersive components, respectively. Table S.6 shows the surface energy,
polar and dispersive component values of the liquid probes. Free surface energy and
its components are important parameters for characterizing the surface properties of
solids. According to Equation (3.4), the dispersive component of surface energy refers
to London dispersion forces and the polar component refers mainly to hydrogen
bonding. Table S.7 shows the obtained surface energy and the correspondent polar and
dispersive components for each CMSM sample. It is observed that the free surface
energy increases with the carbonization end temperature, peaking for sample CMSM
550; for sample CMSM 600 a decrease on free surface energy is observed. As expected,
with the carbonization end temperature increase the polar component contribution for
the total surface energy becomes higher when compared to the dispersive component.
This happens due to the increase of polar interactions (hydrogen bonding) between

water and carbon membrane surface as the carbonization end temperature increases.
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S.2.2 Pore size distribution

The adsorption of nitrogen at -196 °C is the most frequently used technique to
assess the microporosity of carbonaceous materials. However, when
ultramicroporosity is involved some diffusional limitations occur and adsorption of
carbon dioxide at 0 °C is a good alternative to overcome this challenge. Carbon dioxide
was used as a probe molecule due to its small size and ability to highly adsorb in porous
carbons. The adsorption equilibrium isotherms of CO; at 0 °C for CMSM 550 and CMSM
600 samples are plotted in Figure S.9.

Dubinin-Raduschkevisch (DR) equation is commonly used to describe the

adsorption in micropores:

(3.6)

where W is the micropore volume, P is the pressure, W, is the total micropore volume,
Eo is the characteristic energy for adsorption, Po is the vapor pressure of the free liquid,
Ris the gas constant and T is the absolute temperature. However, the DR equation only
provides a reasonable description of adsorption in micropores when the characteristic
curve obtained for CO, adsorption is linear. For handling non-linear characteristic

curves, a more general equation was proposed, the Dubinin-Astakhov (DA) equation:

RTI h
w np
— =exp| —
E

0 0

(3.7)

where n is an adjustable parameter. DR equation results from DA equation for the
particular case of n=2.
The characteristic curves obtained from CO; adsorption isotherms on CMSM 550

and CMSM 600 samples are not linear, indicating that DR equation is not applicable.
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Therefore, micropore volume and the characteristic energy for adsorption were
determined fitting the DA equation to the experimental data. A DA equation with n=2.4
fitted quite well the experimental data of both samples (Figure S.10): the slope of each
plot is related to Eo and the intercept is related to Wy. Table S.8 summarizes the
obtained structural parameters for the studied samples. When the carbonization end
temperature increases, the total pore volume increases, followed by a small decrease
in average pore width, which is consistent with the work by Rodrigues et al. [4].
Therefore, at 600 °C, a more porous structure with a tighter size distribution is achieved
which is in agreement with the obtained permeation results.

The skeleton density (obtained by helium picnometry) of the cellophane-based
CMSM carbonized at 550 °C and 600 °C was 1.2 g-cm™ and 2.1 g-cm3, respectively.

The pore size distributions of the two samples were obtained using the method
proposed by Nguyen et al. [5, 6] for the determination of the micropore size
distribution in carbonaceous materials. This method accounts for the enhancement of
the potential energy of interaction between an adsorbate molecule and atoms within
the pores. The Langmuir isotherm was used to describe the adsorption behavior inside
the pores of size r while the heterogeneity of the system was assumed to be related to
the pore size distribution, given by f(r) [5]. For the local Langmuir isotherm, the amount
adsorbed in pores of radius r, g(p,r), becomes:

m bpore(r)Ppore(r)

)= __porel 7 porer 7 3.8
q(p r) q (r 1+bpore(r)Ppore(r) ( )
where g™ is the maximum capacity, Ppore is the pressure of the gas confined in the pore
and bpore is the adsorption affinity constant that can be calculated as described by

Equation (3.9):

b b —Ep e ~ Esupoe (3.9)
=0.ex .
pore S p RT

where b; is the affinity factor related to adsorption in a flat surface, Esurface is the

potential energy when a molecule is adsorbed on a flat surface and Eyore is the potential
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energy when a molecule is adsorbed inside a pore. A slit-like pore configuration was
assumed. In a pore system some molecules are adsorbed on the surface and others
remain in the gas phase within the pore (referred to as confined gas molecules).

Therefore, Ppore is related to the bulk pressure and to the potential energy of molecules

confined in the pore (E,.):

_ pore
Ppore =R eXp RT (3.10)
The interaction potential energy between a molecule and the graphitic flat surface

was calculated by the 10-4-3 Steele potential:

2 10 4 0‘4
o o
H(z):ansgsfcsifA s A R =

z z ) 3n(061A+2) -

where 0, is the density of carbon atoms in graphite, z is the distance between the
center of the probe molecule and the center of a carbon atom in the pore wall, o ;

and & are the solid-fluid interaction parameters estimated by the Lorentz-Berthelot

mixture rules and A is the distance between the graphene layers. The micropore
potential energy was then the addition of the contributions of both walls.

Assuming that g(p,r) is the isotherm equation for a pore of size r, the adsorbed
concentration at pressure P, expressed as g(P), is the integral over all pore sizes of the

adsorbed concentration for each pore size:
a(P)=[ " alp,r)f(r)dr (3.12)
Substituting equation (3.8) in equation (3.12):

bpore (r)Ppore (r)
1+ bpore (”)Ppore (r)

aP)=["a" () f(r)dr (3.13)

Minimizing the square of the difference between the CO, adsorption

concentration at 0 °C as a function of the pressure between the experimental and the
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model — equations (3.8), (3.10) and (3.13) — one obtains the pore size distributions.
More details about this method can be found elsewhere [5, 6]. The resulting pore size

distributions for CMSM 550 and CMSM 600 samples are plotted in Figure S.6.
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S.3. Supplementary figures
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Figure S.2. FTIR spectra of the precursor and CMSM prepared at 400 °C, 500 °C, 550 °C and 600 °C.
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Figure S.3. Water vapor adsorption/desorption equilibrium isotherms on CMSM carbonized at 900 °C.

50 um

Figure S.4. Scanning electron micrographs of a cellophane based-CMSM: (A) cross-section (x1200
magnification), (B) surface view (x100 000 magnification). Carbonization end temperature: 550 °C.
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Figure S.5. Illustrative figure of the flexibility of the prepared carbon membranes; sample CMSM 550.
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Figure S.6. Pore size distribution for CMSM 550 (black line) and CMSM 600 (red line).
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Figure S.7. Scheme of the experimental setup for measuring permeabilities in the presence and in the
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Figure S.9. Adsorption equilibrium isotherm of CO; at 0 °C for CMSM 550 and CMSM 600 samples.
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S.4. Supplementary tables

Table S.1. C3Hg/C3Hg and O,/N; ideal selectivities obtained for CMSM and CMS adsorbent prepared in
this work and a brief comparison with other carbon materials reported in literature.

C3He/C3Hs 02/N: ideal
Sample ID . . . Ref.
ideal selectivity selectivity
CMSM 550 1.6 19.0 This work
CMSM 600 2.6 >800 This work
CMS 84.3 13.2 This work
Carbon membrane 13.4 33 [7]
Carbon membrane 14.6 5.4 [8]
Carbon membrane 36.0 5.1 [9]
Carbon membrane 37.8 5.8 [10]

Table S.2. Atomic concentration of the elements present on the surface of the cellophane precursor and
derived CMSM.

Membrane %C %0 %Na %Si %N %S
Precursor 50.44 43.45 0.34 5.29 0.41 0.07
CMSM 400 65.31 24.89 1.01 8.23 0.40 0.17
CMSM 500 68.01 21.53 3.54 6.37 0.30 0.25
CMSM 550 68.28 20.32 7.94 3.23 0.11 0.12
CMSM 600 61.53 24.46 10.29 3.60 0.05 0.08

Table S.3. Measured contact angles for the produced cellophane-based CMSM samples.

Measured Contact Angles (°)

Sample
Water Ethylene glycol n-Hexadecane
CMSM 400 58+2 2916 0+0
CMSM 500 32+5 25+3 0+0
CMSM 550 18+1 14+3 0zx0
CMSM 600 201 14+3 0+0
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Table S.4. O, and N, permeabilities and O»/N, ideal selectivity of CMSM 550 and CMSM 600 after air
exposure for different time periods.

Exposure time O:permeability N2permeability 02/N:ideal

Sample (days) (barrer) (barrer) selectivity
2 2.20 0.12 18.5
CMSM 550 4 1.33 0.07 19.0
5 0.74 n.d* -
2 1.15 n.d* -
CMSM 600 4 0.78 <0.001 >800
7 0.36 <0.001 >360

*n.d = not determined

Table S.5. O, and N, permeabilities and O,/N, ideal selectivity of CMSM after storage in a propylene

atmosphere.
S | Exposure time O:permeability  N2permeability 02/N: ideal
ample
P to air (days) (barrer) (barrer) selectivity
0 2.70 0.32 8.4
Control -
2 2.20 0.12 18.5
CMSM 550
4 1.33 0.07 19.0
0 2.75 0.34 8.1
CMSM 550
. | 1 2.75 n.d* -
in propylene
propy 3 2.69 n.d* ;

*n.d = not determined

Table S.6. Surface energy, polar and dispersive component values of the used probe liquids [11].

Surface Energy  Polar component Dispersive component

Liquid (mJ-m?) (mJ-m?) (mJ-m3)

Water 72.8 50.2 22.6
Ethylene glycol 48.8 16.0 32.8
n-Hexadecane 27.5 0.0 27.5
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Table S.7. Obtained free surface energy and correspondent polar and dispersive component for the
produced cellophane-based CMSM.

sample Surface Energy Polar component Dispersive component
(mJ:m?) (mJ-m3) (mJ-m)
CMSM 400 45.66 19.26 26.40
CMSM 500 58.91 35.96 22.95
CMSM 550 65.50 42.95 22.56
CMSM 600 65.06 41.90 23.16

Table S.8. Structural parameters for CMSM carbonized at 550 °C and 600 °C.

Sample Wo (cm3-kg?) Eo (kJ-mol?) I/ (nm)
CMSM 550 274.2 12.3 0.667
CMSM 600 322.5 12.7 0.635
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Chapter 4 — Preparation of carbon molecular sieve
membranes from an optimized ionic liquid-regenerated
cellulose precursor?

4.1. Abstract

Novel carbon molecular sieve membranes with high separation performance and
stability in the presence of humidified streams were prepared from an optimized ionic
liquid-regenerated cellulose precursor, in a single carbonization step. Membranes
prepared at two different carbonization end temperatures (550 °C and 600 °C) were
analyzed through scanning electron microscopy, thermogravimetric analysis, Fourier
transform infrared spectroscopy, CO, adsorption and permeation experiments. The
prepared membranes exhibited uniform thickness of approximately 20 um and a
well-developed microporous structure. The permeation performance of these carbon
molecular sieve membranes was above the Robeson upper bound curve for polymeric
membranes. In particular, the membrane prepared at 550 °C end temperature
exhibited a permeability to O, of 5.16 barrer and 0,/N, ideal selectivity of 32.3 and a
permeability to He of 126.36 barrer and He/N, ideal selectivity of 789.8; besides,
permeation experiments performed in the presence of ca. 80 % relative humidity
showed that humidity does not affect the membrane’s ability to permeate and
separate the tested permanent gases. These results open the door for the preparation
of tailor made precursors that originate carbon molecular sieve membranes with

extraordinary separation performances, mechanical resistance and stability.

1S.C. Rodrigues, M. Andrade, J. Moffat, F.D. Magalh&es, A. Mendes, Preparation of carbon molecular sieve membranes
from an optimized ionic liquid-regenerated cellulose precursor, submitted, (2017).
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4.2. Introduction

Over the past few decades, membrane processes for gas separation have
improved considerably. Compared to conventional separation techniques,
membrane-based gas separation is more attractive because of its high adaptability,
high reliability, low energy consumption and low capital cost, operation and
maintenance, which makes it a more energy-saving and environmental friendly
technology [1-4]. Moreover, carbon molecular sieve membranes (CMSM) have been
considered promising candidates for gas separation due to their high corrosion
resistance, high thermal stability and excellent permeabilities/permselectivities when
compared to polymeric membranes [5-7]. CMSM are prepared from the carbonization
of a polymeric precursor under controlled conditions (atmosphere and temperature
history). After the carbonization step, CMSM display a highly aromatic structure
comprising disordered sp? hybridized carbon sheets packed imperfectly. Pores are
formed from packing imperfections between microcrystalline regions in the material
[8]; the CMSM structure is turbostratic and described as “slit-like” with a bimodal pore
size distribution with micropores connecting ultramicropores [8, 9]. Micropores
provide sorption sites while ultramicropores (called constrictions) enable molecular
sieving, making CMSM both highly permeable and highly selective - a distinct
characteristic of these materials [10-12]. Despite all attractive characteristics displayed
by CMSM, they display significant challenges related to their stability when exposed to
specific environments [13-15]. In the presence of humidity, water initially adsorbs onto
CMSM hydrophilic functional groups and once the first water molecule is adsorbed,
adsorbate-adsorbate interactions promote the adsorption of further molecules
through hydrogen bonding, originating clusters of several water molecules. The
resulting cluster has enough dispersion energy to be released from the hydrophilic
group, rolling up until blocking a constriction of the pore network [15]. Consequently,
the membrane permeability decreases abruptly, making the carbon membrane useless;

this aging effect has seriously limited the commercialization of CMSM.
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Up to now, many polymeric precursors have been extensively studied to obtain
CMSM with excellent separation performances and stability. These precursors include
polyimides [16-20], polyacrylonitrile [21], poly(furfuryl alcohol) [22, 23], phenolic resins
[24-28], resorcinol-formaldehyde resin [29-32] and cellulose [16, 33-35]. Recently, our
group patented a process for obtaining, in a single carbonization step, CMSM that
display no pore blockage effect in the presence of water vapor and display very high
ideal permselectivities for several relevant industrial gas mixtures [36]; these novel
carbon molecular sieve membranes were prepared from a commercial cellophane
precursor — regenerated cellulose produced by the viscose process. Nevertheless, the
obtained CMSM displayed low permeabilities to permanent gases and it was not
possible to prepare a tailor made precursor.

Cellulose makes an excellent precursor material for the preparation of CMSM due
to its considerable carbon yield, biodegradability, hidrophilicity and low-cost [37-39].
The chemical structure of cellulose consists in anhydroglucose linearly linked by
(1,4)-B-D-glucosidic bounds, and the number of molecular glucose units defines its
degree of polymerization [37, 40]. However, the strong inter and intra hydrogen bonds
between cellulose macromolecular chains make it difficult to be dissolved in general
solvents [39, 41]. The viscose technology uses a metastable solution of cellulose
xanthogenate with hazardous byproducts like heavy metals and hydrogen sulfide [42-
44]; moreover, it generates two kilograms of waste per kilogram of cellulose obtained
[45, 46]. Other conventional cellulose solvent systems have numerous drawbacks such
as limited dissolution capability, toxicity, high cost, uncontrollable side reactions,
instability during cellulose processing and/or derivatization [38, 47] and negative
environmental impacts [48].

lonic liquids (IL), a group of salts with poorly coordinated ions and consequently
low melting points, represent a promising alternative to existing cellulose-dissolving
solvents. IL have been proposed as environmentally “green solvents”; they present a
wide range of melting temperature (-40 °C to 400 °C), have low vapor pressure,

excellent dissolution ability, high thermal stability (up to 400 °C), chemical stability,
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ease of recyclability and are noninflammable [40, 49-51]. IL are made up of separate
cationic and anionic species, but unlike common salts, they have a low tendency to
crystallize due to their bulky and asymmetrical cation structure [50]; their properties
for a specific need can be tuned combining suitable cations and anions [52]. Moreover,
ionic liquids give the opportunity to produce tailor made regenerated cellulose
precursor films that allow the preparation of carbon membranes with a high separation
performance, mechanical resistance and stability.

In this work, we report the preparation and characterization of regenerated
cellulose-based CMSM using an ionic liquid (1-ethyl-3-methyl imidazolium acetate) to
dissolve cellulose and a spin coating method to cast the precursor membrane. lonic
liquid 1-ethyl-3-methyl imidazolium acetate (EMIMAC) is liquid at room temperature,
has high dissolving power even in the presence of 10 wt. % of water, relatively low
viscosity when compared to other ionic liquids, low toxicity and high hydrogen bond
acceptor abilities. Hydrogen bond acceptor sites in the anion structure and lack of
hydrogen bond donors in the ionic liquid cation favor the dissolution of cellulose. The
acetate anion in 1-ethyl-3-methyl imidazolium acetate can form hydrogen bonds with
hydroxyl protons of cellulose (Figure 4.1).

To the best of the authors’ knowledge, this is the first time that regenerated
cellulose films produced through an ionic liquid process are studied for preparation of
CMSM. Defect-free CMSM were successfully and reproducibly prepared at two

different carbonization end temperatures, 550 °C and 600 °C.

OH
OH

Ho HO 0 @ HO

HO OH
OH OH

= - n-2

Figure 4.1. Schematic representation of cellulose and 1-ethyl-3-methylimidazolium acetate covalent
binding (adapted from [42]).
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4.3. Experimental

4.3.1. Materials

Wood pulp (cellulose) was provided by Innovia Films Ltd., displaying a degree of
polymerization (DP) of 450. The ionic liquid 1-ethyl-3-methylimidazolium acetate
(EMIMAC) and propylene glycol (299.5 %), used as plasticizer, were supplied by
Sigma-Aldrich. Dimethyl sulfoxide (DMSO) was purchased from Fisher Scientific. The
permanent gases were supplied by Air Liquide (99.999 % pure).

4.3.2. Preparation of regenerated cellulose precursor membranes

Wood pulp was dispersed in DMSO and EMIMAc (70:30 wt. % of DMSO:IL) to
prepare a 9.2 wt. % cellulose solution. The mixture was heated at 90 °C under magnetic
stirring until cellulose was completely dissolved. After dissolution, the resultant
brownish solution was filtered with a wire mesh and placed in a vacuum oven at 40 °C
for degassing during 2 hours. The obtained homogeneous solution was subsequently
spin coated on rectangular glass plates with a spin-coater (POLOS™, SPIN150i) at a
spinning speed of 2000 rpm, spin acceleration of 1000 rpm/s and a spinning time of
10 seconds. After coating, the films were immediately coagulated in distilled water
(25 °C) to obtain a transparent regenerated cellulose film. The film was then intensely
washed with distilled water for 60 min to remove the excess of ionic liquid. After that,
the washed film was dipped in a softener bath containing 5 wt. % of propylene glycol
for 1 min and then dried in an oven at 100 °C for 10 min. Figure 4.2 summarizes the

preparation steps of the regenerated cellulose precursor membranes.
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Figure 4.2. Preparation steps of the regenerated cellulose precursor membranes.

4.3.3. Preparation of regenerated cellulose-based carbon molecular sieve
membranes

Previous to carbonization, the precursor membranes were cut in disks with 48 mm
diameter. The carbonization was then accomplished in a quartz tube (80 mm in
diameter and 1.5 m in length) inside a tubular horizontal Termolab TH furnace. To
guarantee temperature homogeneity along the quartz tube, the furnace has three
separating heating elements controlled by a Eurotherm PID temperature controller.

Figure 4.3 gives a schematic overview of the setup for carbonization.
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Figure 4.3. Carbonization setup used to prepare the regenerated cellulose-based CMSM.

The carbonization was performed under N, atmosphere, with flowrate of
170 ml-min ! and a heating rate of 0.5 °C-min. Figure 4.4 shows the heating history
used to prepare the carbon molecular sieve membranes from regenerated cellulose
films. The temperature history comprehends essentially slow heating rates with several
dwells of 30 min to avoid a quick release of residual solvents/volatile matter that could
damage the carbon matrix, causing cracks/defects. Two end temperatures were
considered, 550 °C (CMSM 550) and 600 °C (CMSM 600); after the end temperature
was reached, the system was allowed to cool naturally until room temperature, and

the flat carbon membranes were finally removed from the carbonization furnace.
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Figure 4.4. Carbonization protocol to prepare the regenerated cellulose-based CMSM.
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4.3.4. Scanning electron microscopy

Micrographs of the regenerated cellulose precursor membrane and derived
CMSM have been taken by scanning electron microscopy (SEM) using a high resolution
scanning electron microscope JEOL JSM 6301F/Oxford INCA Energy 350 with X-ray
microanalysis. All the samples were previously sputtered with gold/palladium using a

SPI Module Sputter Coater equipment to allow better conductivity for SEM.

4.3.5. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out in a Netzsch TG 209 F1 Iris
thermogravimetric balance with a resolution of 0.1 um. The heating procedure [34]
consisted on a first rise of the temperature from room temperature to 110 °C at
10 °C:min?, under nitrogen atmosphere, with two dwells at 50 °C (for 10 min) and
110 °C (for 7 min); subsequently, temperature rise from 110 °C to 950 °C with a dwell
at 950 °C (for 9 min) and finally the sample was kept at 950 °C for more 11 min under
oxygen atmosphere. Proximate analysis was performed to determine the percentage
of moisture, volatile matter, carbon yield and ashes content of the precursor material
[53]. After the first dwell at 110 °C, humidity is removed; up to the second dwell, volatile
matter is released, and after the last dwell at 950 °C (under oxygen) all the fixed carbon

is burned, leaving only ashes (if present).

4.3.6. Fourier transform infrared spectroscopy

The infrared spectra of the precursor and derived CMSM were recorded using a
VERTEX 70 FTIR spectrometer (BRUKER) in transmittance mode with a high sensitivity
DLaTGS detector at room temperature. Samples were measured in ATR mode, with a
A225/Q platinum ATR diamond crystal with single reflection accessory. The spectra

were recorded from 4000 to 500 cm™ with a resolution of 4 cm™.
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4.3.7. Pore size distribution

The pore size distribution (PSD) of the CMSM was obtained based on the
adsorption equilibrium isotherm of carbon dioxide at 0 °C obtained by the volumetric
method. This method is based on pressure variation of the gas after an expansion;
assuming for the system an ideal gas behavior and knowing the pressure decrease, the
concentration of the adsorbed solute can be determined [54, 55]. The apparatus used

to perform these experiments is described elsewhere [55].

4.3.8. Permeation Experiments

Prior to permeation experiments, the CMSM were glued to steel O-rings as
described elsewhere [34]. Single gases were tested at 25 °C, where the feed pressure
was 1 bar and the permeate pressure was ca. 0.03 bar. The tests were performed in a
standard pressure-rise setup with LabView® data logging. As shown in Figure 4.5, the
system includes the membrane module connected to a vessel with a calibrated volume
(at the permeate side) and to a gas cylinder (at the feed side). The feed gas could either
be used dry or humidified; for humidified gas experiments, the feed gas was passed
through a bubbler with distilled water prior to the membrane module and the relative
humidity checked with a RH meter (Vaisala DMP74b) at an exit port.

The permeability, P;, of the CMSM towards a pure component i was determined

accordingly to:

p-_Fh (4.1)
AP /S

where F;is the flux of species |, AP, the partial pressure difference of species i between
the two sides of the membrane and § the membrane thickness (determined by
scanning electron microscopy). The membrane permeability to pure component j was

computed from the experimental data as follows:
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oV v, AP
P —__ P M7 P (4.2)
RTtA(Pf —Pp)

where V, is the volume of the permeate tank, vy is the molar volume of the gas at
normal conditions, R is the gas constant, T is the absolute temperature, t is the time to
a certain increment in the permeate pressure AP, A is the effective area of the flat

carbon membrane and Prand P, are the feed and permeate pressure, respectively. The

ratio of two gases permeability coefficients is the ideal selectivity [56]:

P (4.3)
Pj
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Figure 4.5. Scheme of the experimental setup for gas permeation experiments.
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4.4. Results and Discussion

4.4.1. Preparation of regenerated cellulose-based carbon molecular sieve

membranes

The prepared regenerated cellulose-based CMSM are identified in Table 4.1. The
precursor disks shrank during the carbonization step and the shrinkage fraction (SH) of

each CMSM was determined as follows:

D,...—D
SH =222 9 100 (4.4)
before

where D, . is the membrane diameter before carbonization and D, is the

membrane diameter after the carbonization step.

Table 4.1. Identification of CMSM derived from regenerated cellulose.

Bef?re ; Carbonization After carbonization Physical

Sample carbonization temperature ;
° properties

D(mm) & (um) (°C) D(mm) SH(%) &(um)

Precursor 48.0 35.6 - B} ) ) Transparent,
flexible
CMSM 550  48.0 35.6 550 330 313 201 Dlack bright,
brittle
CMSM 600  48.0 35.6 600 280 417 180 B'acbkr'i:i'lr;ght'

From Table 4.1, it can be observed that shrinkage increased with the carbonization
end temperature. Similarly, the increase in the carbonization end temperature led to a
decrease in the membrane thickness (6, measured by SEM). Figure 4.6 shows a

membrane before and after carbonization.
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Figure 4.6. Regenerated cellulose membrane before (A) and after (B) carbonization.

4.4.2. Scanning electron microscopy

The structure of the membranes was examined by SEM. In a previous study, the
research team prepared CMSM from commercial cellophane paper (a regenerated
cellulose film produced by the viscose process) [36, 57]. Figure 4.7 shows scanning
electron micrographs of surface and cross-sectional views of a CMSM prepared in this
work and a cellophane-based CMSM, both carbonized at 550 °C. The surface of the
sample prepared in this work is very smooth, with no apparent defects (Figure 4.7-A)
indicating that spin coating is an effective technique for casting the precursor
membrane. Microspheres (also called “condensed benzene rings”) [36, 58] were
observed on the surface of cellophane-based CMSM (Figure 4.7-B) [57] but they were

not observed on the surface of CMSM prepared through the ionic liquid process.

4.4.3. Thermogravimetric analysis

Thermogravimetric analysis was used to assess the thermal decomposition
kinetics and stability of the precursor in inert atmosphere. TGA was performed on the

dry regenerated cellulose film used to prepare the CMSM.
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Figure 4.7. (A), (B) Surface images and (C), (D) cross-sectional SEM images of CMSM obtained from
regenerated cellulose films prepared through two different processes: ionic liquid and viscose.
Magnification: x 5000. Carbonization end temperature: 550 °C.

The characteristic curve was obtained under N, atmosphere and is plotted
together with the correspondent mass loss derivative curve in Figure 4.8. Up to 100 °C,
the first derivative of mass loss curve shows a negative peak related with release of
humidity present in the sample. The strong peak around 350 °C corresponds to the
larger mass loss and indicates the degradation of the polymer [59] - an abrupt weight
loss indicates the onset of the pore network formation [60]. A small weight loss is
observed at ca. 415 °C and the mass still decreasing after this temperature until 950 °C,
but at a much slower rate; at 950 °C the total weight loss was approximately 83 %. The

regenerated cellulose precursor showed a higher weight loss and at lower
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temperatures when compared to other polymer precursors commonly used in the

preparation of CMSM [24, 26, 29, 60].
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Figure 4.8. Thermogravimetric plot and correspondent derivative curve of the regenerated cellulose
precursor.

Proximate analysis was also performed to determine humidity, volatile matter,
fixed carbon and ashes content. Table 4.2 offers a summary of the results obtained. It
was concluded that regenerated cellulose precursor is ash free, presenting ca. 75 wt. %

of volatile matter and ca. 17 wt. % of fixed carbon.

Table 4.2. Proximate analysis (dry basis) of the regenerated cellulose precursor.

Proximate analysis (wt. %)

Humidity Volatile matter Carbon yield Ashes

8 75 17 0
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4.4.4. Fourier transform infrared spectroscopy

The chemical structure of the samples was investigated by Fourier transform
infrared spectroscopy. Figure 4.9 shows FTIR spectra of the precursor film and derived

carbon membranes prepared at 550 °C and 600 °C carbonization end temperature.

Band assignments for Figure 4.9 are summarized in Table 4.3.
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Figure 4.9. FTIR spectra of the regenerated cellulose precursor and derived CMSM.

The precursor spectra show a broad band at 3351 cm™ which is ascribed to the
O-H stretching vibrations in hydroxyl or carboxyl groups [61]. The precursor possesses
aliphatic structures as it can be deduced from the band at 2887 cm™, which corresponds
to stretching vibrations of aliphatic C-H [61, 62]. The band at about 1643 cm™ can be
assigned to C=C stretching vibrations and the one at 1423 cm™ is attributed to CH;
bending vibrations [63]; the bands at 1261 cm™, 1199 cm™ and 1156 cm™® correspond
at C-O-C antisymmetric stretching vibrations and the peak at 1018 cm™ is assigned to

C-O stretching vibrations [64] (C-OH group of secondary alcohols existing in the
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cellulose chain backbone). The peak detected at 897 cm™ is characteristic of

B-(1,4)-glycosidic linkages between glucose units (C-O-C stretching vibrations) [63].

Table 4.3. FTIR spectra bands assignments.

Wavenumber (cm?) Functional group Assignment
3637,3354,3351 -OH OH stretching
3047 =CH =C-H stretching
2965,2919,2887 -CH3 and -CH;- Aliphatic C-H stretching
2171 -N=C N =C stretching
1985,1895 Substitute.d Several bands from o
benzene ring overtones and combinations
1693 C=0 C=0 stretching
1643 c=C C=C stretching
- COO™ antisymmetric
1574 COO
stretching
1423 CH, CH; bending
1261,1199,1159,1156,897 C-O-C C-O-C stretching
1034,1018 C-OH C-0 stretching
1,2,4-Trisubstituted
870,802,746 ben%enes;. Aromatlc C-H out-of-plane
o-Disubstituted bending
benzenes

Regarding the carbon molecular sieve membranes, the spectra of the samples
prepared at the two different carbonization end temperatures are similar. However,
band intensities are weaker in CMSM obtained at 600 °C than those prepared at 550 °C;
this implies that the degree of carbonization in CMSM increases with the carbonization
end temperature. Absorption bands at 3637 cm™ and 3354 cm, characteristic of O-H
stretching vibrations in hydroxyl or carbonyl groups, were observed [61]; at 3047 cm™
a band ascribed to =C-H stretching was also identified [64]. The peaks at 2965 cm™ and
2919 cm? are related to stretching vibrations of aliphatic C-H (CHs and CH, groups,
respectively) [61, 62, 64]; however, it was observed that for samples carbonized at
600 °C these two bands disappeared. The band identified at 2171 cm™, for both

samples, is ascribed to N=C stretching vibrations [64]; moreover, two bands
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characteristic of substituted benzene rings were detected at 1995 cm™ and 1895 cm'?
[64]. The band at about 1693 cm™ can be assigned to C=0 stretching vibrations
corresponding to carbonyl, quinone, ester or carboxyl [65]; the band at about
1574 cm!can be assigned to COO antisymmetric stretching [64], the one at 1159 cm'?
is attributed to C-O-C antisymmetric stretching vibrations and the one at 1034 cm™ is
assigned to C-O stretching vibrations [65]. The bands in the 870-746 cm™ region are

assigned to aromatic C-H out-of-plane bending vibrations [66].

4.4.5. Pore size distribution

In the present study, the microporosity of the CMSM was assessed based on the
adsorption equilibrium isotherm of carbon dioxide at 0 °C. Figure 4.10 shows the
adsorption equilibrium isotherm of CO, at 0 °C (Figure 4.10-A) and the CO,
characteristic curve (Figure 4.10-B) for the sample carbonized at 550 °C, as an example.
The Dubinin-Astakhov equation was used to fit the experimental data, obtaining then
the micropore volume (Wy) and the characteristic energy of adsorption (Eo) [29, 67].
Dubinin-Astakhov equation with n=2.5 fits very well the experimental data (Figure
4.10-B). The mean pore width (/) was obtained by a weighted average. Table 4.4

summarizes the obtained structural parameters for each carbon membrane.

Table 4.4. Structural parameters of CMSM prepared by the ionic liquid and viscose processes.

lonic Liquid Process Viscose Process [57]

CMSM 550 CMSM 600 CMSM 550 CMSM 600
Wo (cm3-kg?) 250.2 3274 274.2 322.5
Eo (kJ-mol?) 11.8 11.9 12.3 12.7
I (nm) 0.711 0.700 0.667 0.635
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Figure 4.10. (A) Adsorption equilibrium isotherm of CO; at 0 °C and (B) CO; characteristic curve
(points - experimental data; solid line - DA fitting). Carbonization end temperature: 550 °C.
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The obtained micropore volume for CMSM 550 is typical for carbon molecular
sieves; for CMSM 600, the micropore volume of 327.4 cm3-kg? is slightly higher [68,
69]. The obtained mean pore widths are slightly higher when compared to other
reported values [29, 68-70]. Comparing the present values with the ones obtained for
cellophane-based CMSM [57] (viscose process), it is possible to observe that these
membranes have a higher mean pore width, which is in accordance with the obtained
higher permeabilities as will be shown in section 4.4.6.

The skeleton density (obtained by helium picnometry) of the ionic liquid
regenerated cellulose-based CMSM prepared at 550 °C and 600 °C was 1.4 g-cm2and
2.3 g:cm?3, respectively.

The pore size distribution was obtained using the structure-based method
proposed by Nguyen et al. for the determination of the micropore size distribution in
carbonaceous materials [71, 72]. A detailed description about this method can be found
in Chapter 3.B. Figures 4.11 and 4.12 show the obtained micropore size distributions
for CMSM 550 and CMSM 600, respectively, and a comparison with the PSD obtained
for cellophane-based CMSM. From Figures 4.11 and 4.12, it can be seen that the CMSM
prepared in this work at two different carbonization end temperatures present
ultramicropores (0.4-0.7 nm range) and micropores (0.7-1.0 nm). The regenerated
cellulose-based CMSM (ionic liquid process) prepared at 550 °C and 600 °C present a
micropore size distribution slightly shifted to the right, towards higher pore sizes when
compared to the cellophane-based; once more, this is in accordance with the obtained

higher permeabilities and low ideal selectivities (section 4.4.6).
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Figure 4.11. Micropore size distribution of regenerated cellulose-based CMSM. lonic liquid process: black
line; viscose process: red line. Carbonization end temperature: 550 °C.
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Figure 4.12. Micropore size distribution of regenerated cellulose-based CMSM. lonic liquid process: black
line; viscose process: red line. Carbonization end temperature: 600 °C.
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4.4.6. Permeation Experiments

The membranes were tested for permeation using several probe species: N3
(0.378 nm), O, (0.346 nm), CO, (0.335 nm), H; (0.290 nm) and He (0.260 nm) — the
values in brackets correspond to the kinetic diameter of the gases [70]. Table 4.5
presents the obtained permeabilities and ideal selectivities for the regenerated

cellulose-based CMSM prepared at 550 °C and 600 °C.

Table 4.5. Permeabilities and ideal selectivities for regenerated cellulose-based CMSM at 25 °C.

CMSM 550 CMSM 600
Gas species Permeability Permselectivity Permeability Permselectivity
(barrer) X/N2 (barrer) X/N2
N2 0.16 - 0.09 -
(O} 5.16 32.3 2.19 24.3
CO: 13.41 83.8 4.18 46.4
He 126.36 789.8 174.22 1935.8
Ha n.d* - 120.54 1339.3

*n.d. = not determined

Figure 4.13 shows the permeability towards several gas species against their
kinetic diameter. It can be observed that there is a straightforward relation between
the membrane permeability and the kinetic diameter of the permeant species,
indicating that CMSM have size-discrimination ability and denoting the molecular
sieving character of the prepared materials. The effect of carbonization end
temperature on the separation performance of regenerated cellulose-based CMSM is
also demonstrated in Figure 4.13 and Table 4.5. The samples carbonized at higher
temperature (CMSM 600) have generally smaller gas permeation; for example, the
membrane permeability towards N, became around 1.8 times smaller when compared
to CMSM 550 - CMSM 550 have a larger mean pore width compared to CMSM 600
(Table 4.4). At 600 °C, carbon atoms are rearranging into a tighter structure, by a
sintering mechanism [34, 73]. However, CMSM 600 have a larger volume of

ultramicropores (Figures 4.11 and 4.12), leading to a higher permeability to He [29].
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However, though this sample displays more pores they are smaller making the

permeability of this sample to the other gases smaller than for sample CMSM 550.
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Figure 4.13. Permeability as a function of the gas kinetic diameter for regenerated cellulose-based
membranes carbonized at 550 °C and 600 °C. Lines were added for readability.

The performance of a carbon membrane towards a separation is characterized by
the gas permeability as well as the correspondent selectivity. In 2008 [74], Robeson
proposed a selectivity/permeability upper bound for representative binary gas
separations performed with polymeric membranes. Figures 4.14 to 4.17 illustrate the
Robeson upper bounds for O,/N; (Figure 4.14), He/N, (Figure 4.15), H,/N, (Figure 4.16)
and CO,/N, (Figure 4.17), together with the results obtained in this work; a comparison
with CMSM produced from other cellulosic precursors reported in literature [33, 34,
36,57, 75, 76] is also included. For facilitating the comparison, a dashed line was drawn
over the best sample of the present work, parallel to the Robeson line. All values below

this line perform worse and vice-versa. The arrows in the charts indicate the superior
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ideal selectivities. Robeson upper bounds are broadly recognized as the state-of-the-art

curves for gas separation.
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Figure 4.14. Robeson upper bound plot for O,/N; gas pair showing the data for o CMSM 550, o CMSM
600 and reported cellulose-based CMSM ( ¢ [34];0[33]; A[36, 57]; x[76]).
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Figure 4.15. Robeson upper bound plot for He/N; gas pair showing the data for o CMSM 550 and o
CMSM 600 and reported cellulose-based CMSM (¢ [34]; A [36, 57]; x[76]).
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Figure 4.16. Robeson upper bound plot for H/N; gas pair showing the data for 1 CMSM 600 and
reported cellulose-based CMSM (¢ [34];#[33]; A[36, 57]; x[76]).
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Figure 4.17. Robeson upper bound plot for CO,/N; gas pair showing the data for o CMSM 550 and O
CMSM 600 and reported cellulose-based CMSM ( ¢ [34];0[33]; A[36, 57]; +[75]; x[76]).
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It can be observed that the CMSM prepared in this work are plotted above the
upper bound for 0,/N,, He/N> and H,/N, separations. Moreover, when these
membranes are compared to the reported cellulosic-based CMSM, (see dashed line)
they show a better permeability/permselectivity balance (except for the cellophane-

based CMSM prepared in our previous work) for most of the studied gas separations.

Relative humidity stability

Permeation experiments in the presence of 75-77 % RH were undertaken using
the regenerated cellulose-based CMSM to determine its performance stability in the
presence of water vapor. Table 4.6 shows the permeability of CMSM 550 and CMSM
600 samples to dry and humidified O; and N..

Table 4.6. Permeability of CMSM 550 and CMSM 600 to dry and humidified O, and N,.

Dry feed Humidified feed

- . Permeability Permeability t
Permeability Permeability ermeabiiity to ermeapility to

o g .
Sample RH (%) to Oy (barrer)  to N, (barrer) humidified O, humidified N,
(barrer) (barrer)
CMSM 550 75-77 5.16 0.16 8.47 1.33
CMSM 600 75-77 2.19 0.09 5.96 0.85

Permeation data showed that humidity does not affect membrane ability to
permeate and separate gases. For carbon membrane samples prepared at 550 °C, the
total flux increased ca. 1.6 times (the permeability to oxygen stays constant); for carbon
membrane samples prepared at 600 °C, the total flux increased ca. 2.7 times. This
increase is due to the very fast permeation of water vapor that occurs due to the
membrane high hidrophilicity. Previous studies by the authors demonstrated that the

high hydrophilicity is characteristic of regenerated cellulose-based CMSM [57].
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4.5. Conclusions

Carbon molecular sieve membranes with high separation performance and
stability in the presence of humidity were successfully prepared in a single
carbonization step, without need for pre nor post treatments steps. The carbon
membranes were prepared from regenerated cellulose, a renewable low-cost
precursor, using an ionic liquid as cellulose solvent and spin coating for casting the
precursor film. lonic liquids are environmentally friendly and more efficient solvents
than current methodologies to dissolve and process cellulose. This was the first time
that regenerated cellulose films produced through an ionic liquid process were studied
for preparation of CMSM. The permeability versus kinetic diameter towards N,, CO,
05, H; and He exhibited a molecular sieve mechanism for the prepared membranes.
The effect of carbonization end temperature was assessed, and better separation
performances were found for CMSM 550 sample, carbonized in an inert atmosphere at
550 °C. The Robeson upper bound for polymeric membranes was overtaken by the
prepared membranes regarding O,/N» He/N> and H,/N, separations.

The produced carbon molecular sieve membranes are stable and have a great
potential for gas separation; therefore, they might be considered in relevant industrial
applications such as separation of nitrogen from air, air dehumidification and

separation of hydrogen from syngas.
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Chapter 5 — General Conclusions and Future Work

5.1. General Conclusions

This thesis focused on the development and characterization of carbon molecular
sieve membranes displaying high separation performance, no pore blocking effect
when treating humidified gas streams, and showing minimal oxygen chemisorption.
Carbon molecular sieve membranes were successfully prepared on a-alumina supports
by carbonization of resorcinol-formaldehyde resin loaded with boehmite nanoparticles
in a single dipping-drying-carbonization step. Resorcinol-formaldehyde resin was
considered a suitable precursor material for the preparation of CMSM due to its high
fixed-carbon yield and low-cost; boehmite nanoparticles (y-AlIO(OH)) have been proved
to be effective for producing crack-free supported membranes in a single dipping-
drying-carbonization step since they are able to control the precursor rheology.

Two series of supported carbon membranes were prepared at 500 °C and 550 °C
and the effect of the carbonization end temperature on the membrane structure,
morphology and performance was assessed through scanning electron microscopy, CO;
adsorption equilibrium isotherm at 0 °C and monocomponent permeation experiments
at temperatures from 25 °C to 120 °C. It was observed that the obtained carbon
molecular sieve layer is quite uniform showing ca. 3 um of thickness. The supported
CMSM carbonized at 550 °C displayed higher ideal selectivities and relatively similar gas
permeation rates when compared to those prepared at 500 °C. The Robeson upper
bound for polymeric membranes was overtaken by the carbon membranes prepared
at 550 °C, regarding O2/N, (O, permeation rate: 9.85x10X° mol-m%s1-Pa! and ideal
selectivity: >11.5), H,/N; (H2 permeation rate: 5.04x10% mol-m?%st-Pa? and ideal

selectivity: >586) and He/N, (He permeation rate: 4.68x10® mol-m2s*-Pa! and ideal
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selectivity: >544) separations; the developed membranes are superior to various
reported CMSM prepared from phenol-formaldehyde resin precursors.

Cellophane is a low-cost precursor obtained from wood cellulose by the viscose
process. It was first reported as a promising precursor for CMSM by the research team
in 2010. In the present thesis, carbon molecular sieve membranes with exceptional
separation performance, stability and mechanical resistance were prepared from
commercial cellophane sheets. The effect of carbonization end temperature was
assessed from 400 °C to 600 °C and the roots of the non-aging property displayed by
these membranes were studied. The obtained membranes displayed high flexibility and
an extraordinary separation performance. The carbon membranes prepared at 600 °C
were situated far above Robeson’s upper bound, showing an 0»/N; ideal selectivity
greater than 800 for a permeability to oxygen of 0.78 barrer, a CO,/CH, ideal selectivity
greater than 2600 for a permeability to CO, of 2.57 barrer, and an H,/CH, ideal
selectivity greater than 25 000 for a permeability to hydrogen of 25 barrer. Despite the
very high ideal selectivities displayed by these CMSM for most of the gas pairs, ideal
selectivity to CsHe/CsHs was relatively low. To understand this behavior, a carbon
molecular sieve adsorbent with high CsHs/C3Hs selectivity was prepared from a phenolic
resin at 1100 °C. High-resolution transmission electron microscopy analysis shown that
depending on the selected precursor material, carbon molecular sieves with two
extreme sieving mechanisms can be produced: i) gate sieving for carbon molecular
sieves having a gate-like pore shape which are selective for spheroid gas species and
ii) tubular sieving for carbon molecular sieves having a tubular shape pore which are
selective for linear gas species.

Membrane’s performance stability in the presence of water vapor was evaluated
up to ca. 80 % of RH and it was concluded that humidity does not affect the membrane’s
ability to permeate and separate the tested permanent gases. Moreover, the
membranes showed a mostly linear water vapor adsorption/desorption isotherm
instead of the markedly S-shape curves normally displayed by CMSM. Linear water

adsorption/desorption isotherms are characteristic of carbon materials with
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hydrophilic sites homogeneously distributed throughout their inner surfaces allowing
water molecules to jump continuously between polar sites and avoiding the formation
of pore-blocking water clusters. X-ray photoelectron spectroscopy revealed that these
hydrophilic elements are ionic sodium and silica nanoparticles that are incorporated in
the cellophane precursor film during its production. The carbonization end
temperature had a noticeable influence on membrane surface chemistry and it was
found that 550 °C provide an optimum condition for the concentration of hydrophilic
elements homogeneously distributed on CMSM surface.

The prepared cellophane-based CMSM were susceptible to oxygen chemisorption.
However, up to a certain point, this process favored the membrane’s selectivity since
CMSM exposed to ambient air before permeation experiments showed improved ideal
selectivities compared with CMSM without air exposure. In addition, a simple
propylene treatment was able to stabilize membranes concerning oxygen
chemisorption. These results are a breakthrough towards bringing these membranes
to a commercial level.

lonic liquids are a promising alternative to existing cellulose-dissolving solvents.
For the first time, regenerated cellulose films produced through an ionic liquid process
were used to prepare flat carbon membranes in a single casting-drying-carbonization
step; a spin coating method was used for the precursor membrane casting. Two
different carbon membranes were prepared at 550 °C and 600 °C and the effect of the
carbonization end temperature on the membrane structure, morphology and
performance was studied. The permeability versus kinetic diameter towards N, CO,,
05, H; and He denoted the molecular sieving character of the prepared materials. The
CMSM revealed good ideal selectivities with separation performances above the upper
bound for polymeric membranes devised by Robeson in 2008. Additionally, it was
concluded that humidity does not affect the membrane’s ability to permeate and
separate gases through permeation experiments performed in the presence of

ca. 80 % RH. These promising results open the doors for preparing tailor made
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precursors that originate carbon molecular sieve membranes with extraordinary

separation performances and stability.

5.2. Future Work

Taking into account the results of the present thesis, as future work it would be
important to improve the permeability of the regenerated cellulose-based carbon
molecular sieve membranes. For that, several approaches can be considered, namely
the optimization of the precursor solution and the carbonization conditions.
Membranes with different cellulose concentrations should be prepared and the
influence of cellulose concentration on membrane’s separation properties studied.
Similarly, different plasticizers with different concentrations must be considered and
their effect on the membrane’s structure, morphology and performance examined.
Finally, different porogenic agents with different concentrations must be also added to
the precursor solution to increase the membrane porosity; these porogens should
essentially release water, hydrogen or carbon dioxide at high temperatures.

Concerning the optimization of the carbonization conditions, heating rate and
flowrate of the inert gas should be carefully optimized. The heating rate is related to
the release rate of volatiles and this release is related to the pore size distribution and
the number of connecting pores on CMSM; therefore, to optimize the heating rate
during CMSM carbonization, a study concerning the identification of the diameter of
the released volatiles as a function of degradation temperature should be undertaken.
Higher inert flowrates produce carbon membranes with improved permeabilities
showing a minimal role on the selectivities; therefore a high flowrate should be also
applied during the carbonization step.

Finally, hollow fiber carbon molecular sieve membranes should be prepared and
characterized. This is the best configuration for producing CMSM for commercial
applications because of the high packing density, easy module assembly and

mechanical stability. The target is to develop a dual-layer hollow fiber carbon molecular
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sieve membranes; the first layer should be thick and porous, prepared from
regenerated cellulose reinforced with ceramic particles (namely boehmite
nanoparticles) for mechanical stability, while the second layer should be thin and

selective. Both layers must exhibit similar shrinkage ratio.
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Appendix A — Complementary characterizations
Carbon membranes with extremely high separation performance and stability

CMSM with high separation performance and stability were prepared from
cellophane precursor films in one single carbonization step. The resultant CMSM are
identified in Table A.1. For a better understanding, the number after the membrane
identification was relative to the carbonization end temperature used to prepare the
CMSM. For example, the sample CMSM 400 was carbonized at 400 °C; the sample
CMSM 500 was carbonized at 550 °C, and so on. The precursor disks (initially circles
with a diameter of 48 mm, Figure A.1-A) shrank during the carbonization process, giving
place to elliptic membranes (Figure A.1-B). This fact may be caused by a preferential

orientation of the macromolecules in the cellophane precursor film [1].

o

4

Figure A.1. Cellophane-based membranes: (A) before carbonization, (B) after carbonization.

Table A.1 presents two values of final diameters and shrinkage percentage,
associated to the two characteristic dimensions of the final elliptical membranes. As
expected, the shrinkage percentage increased with the increase of the carbonization

end temperature.
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Table A.1. Identification of carbon membranes derived from cellophane precursor.

Before Carbonization After
Sample Carbonization temperature Carbonization
D (mm) (°C) D (mm) SH (%)
CMSM 400 48.0 400 32.0-30.0 33.3-375
CMSM 500 48.0 500 35.0-29.0 27.1-39.6
CMSM 550 48.0 550 33.5-28.0 41.7-30.2
CMSM 600 48.0 600 33.5-28.0 41.7-30.2

Table A.2 shows the thickness (6, measured by scanning electron microscopy) of
the precursor film and derived CMSM prepared at different carbonization end

temperatures.

Table A.2. Thickness (6) of cellophane film and derived CMSM.

Sample Obefore (UM) Safter (Um)
CMSM 400 15.0-17.0 11.3
CMSM 500 15.0-17.0 9.7
CMSM 550 15.0-17.0 9.5
CMSM 600 15.0-17.0 9.2

It can be observed that an increase in the carbonization end temperature led to a
decrease on the membranes thickness; this is in accordance with the membranes

shrinkage macroscopically observed and previously discussed.

A.1. Raman spectroscopy analysis

Raman spectroscopy is a useful tool to obtain information on the microstructure
of carbonaceous materials. Every band in Raman spectrum corresponds directly to a
specific vibrational frequency of a band within a molecule. The vibrational frequency
and hence the position of the Raman band are very sensitive to the orientation of the
bands and weight of the atoms at either end of the band, which make it a popular
choice for structural characterization.

Raman spectra of graphitic carbons consists of two bands: the G band (graphitic

band) at 1575 cm™and the D band (disordered band) at 1355 cm™ [2-4].The G band can
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be attributed to the in-plane carbon stretching vibrations of ideal graphene sheets; the
D band originates from a hybridized vibrational mode associated with graphene edges
and indicates the presence of some disorder in the structure [5].

In the present work, Raman spectra were recorded with a Thermo Scientific Raman
Microscope using a 523 nm laser as an excitation source in the range of 0 to 3500 cm™1.
Figure A.2 shows the Raman spectra of the precursor and CMSM. The spectra of CMSM
carbonized from 400 °C to 600 °C feature two major peaks: the G-band centered at
1595 cm™ and the D-band located at 1367 cm™, which reveal the presence of C sp?
atoms in benzene or condensed benzene rings of amorphous (partially hydrogenated)
carbon [3, 6, 7]. The Raman shift found for D-band is usually observed in amorphous
carbon; the graphitic band is also slightly shifted, which is characteristic of carbon
materials with disordered carbon.

Table A.3 shows the D and G band Raman intensities for all membranes. The
intensity of G band increased with the increase of carbonization end temperature,
indicating that the framework of CMSM becomes a more graphitized carbon at higher
temperatures. The increase in the carbonization end temperature also increased the D
band intensity, indicating more imperfections in the graphene structures that

corresponds to an increase in amorphous carbon [8].

Table A.3. Raman intensity of D and G bands for cellophane-based CMSM.

Raman Intensity

Sample
G Band D Band
CMSM 400 1075 825
CMSM 500 2150 1450
CMSM 550 2800 1950
CMSM 600 2650 1850

175



Precursor

CMSM 400

CMSM 500

Raman intensity

CMSM 550

CMSM 600

\ R — - -~

3500 2500 1500 500

Raman shift (cm)

Figure A.2. Raman spectra of the cellophane precursor and derived CMSM.

A.2. Temperature programmed desorption analysis

Carbon structures contain heteroatoms such as hydrogen, oxygen, nitrogen,
sulphur, etc. These heteroatoms are bounded to the edges of graphene layers
originating a diversity of surface functional groups. The type and concentration of these
functional groups have a significant influence on the CMSM performance. Temperature
programmed desorption (TPD) is a thermal analysis technique for the characterization
of surface functional groups on carbon materials. Figure A.3 summarizes the different

surface functional groups found on carbon materials.
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Figure A.3. Examples of oxygen and nitrogen functional groups found on carbon surfaces [12].

Surface complexes on carbon materials decompose upon heating by releasing CO
and CO; at different temperatures. The nature of the groups can be then assessed by
the decomposition temperature and the gas released. Table A.4 presents the functional
groups related to their decomposition temperature and the emitted gas, by TPD.

In the present work, TPD experiments were carried out in a U-shaped quartz tube
located inside an electrical furnace and connected to a Dycor Dymaxion Mass
Spectrometer (Ametek Process Instruments) for samples prepared at 400 °C and 550 °C
carbonization end temperatures. The studied samples (0.1 g) were heated to 1100 °C

at 5 °C:min! using a constant He flow rate of 25 ml-min.
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Table A.4. Gaseous species emitted from functional groups on carbon by TPD.

Functional groups Released gas Temperature (°C)
250 [13]
Carboxylic CO2 100-400 [14]
200-250 [15]
627 [16, 17]
Lactone CO: 350-400 [15]
190-650 [18]
Phenol co 600-700 [15]

700-980 [18]

800-900 [15]
Ether co 700 [17]

700-980 [18]

Carbonyl Cco

Quinone CcO
800-900 [15]
600 [19]
Anhydride CO+ CO2 627 [13, 16, 17]

350-400 [15]

Figure A.4 shows the obtained TPD profiles, and Table A.5 indicates the amount of

CO and CO; released during TPD for both carbon molecular sieve membranes.

Table A.5. Amount of CO and CO; released during TPD for CMSM 400 and CMSM 550 samples.

Sample CO (umol-g?) CO: (umol-g?) CO/Co:
CMSM 400 3615 2445 1.5
CMSM 550 1279 443 2.9
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Figure A.4. TPD spectra of CMSM 400 and CMSM 550: (A) CO; evolution, (B) CO evolution.

It can be observed that an increase in the carbonization end temperature from
400 °Cto 550 °C generates a decrease in the amount of surface oxygenated groups; this
is evidenced by the larger released amount of CO; and CO of CMSM 550 sample when
compared to CMSM 400. The CO/CO, ratio increased with the increase in the

carbonization end temperature. The TPD peaks can be assigned to the different
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functional groups by comparison with the data summarized in Figure A.4 and Table A.4
taken from the available literature. For CMSM 400 sample, the first CO, peak may be
attributed to lactone groups. At around 630 °C a simultaneous CO; and CO peak is
generated from carboxylic anhydrides. The peak at around 780 °C in the CO profile
originates from quinone groups. For CMSM 550 sample, both CO and CO, peaks

originate from the decomposition of carboxylic anhydrides.

A.3. X-ray photoelectron spectroscopy analysis

The atomic concentration of the elements found on the surface of the carbon
molecular sieve membranes was assessed using x-ray photoelectron spectroscopy
(XPS) and are presented in Table S.2 (Chapter 3.B). C, O and S are cellophane
characteristic elements (hydrogen cannot be detected from XPS analysis). The presence
of sodium and silica nanoparticles in cellophane and consequently in CMSM is justified
by the production process of cellophane (discussed in Chapter 3.A). The N found is
considered pollution or impurities due to membrane manufacturing [20, 21].

As expected, the O/C ratio decreases with the carbonization end temperature rise
as the content of oxygen on membrane structure decreases significantly with
carbonization step with the loss of CO, CO; and H,0 predominantly. It can be observed
that the sodium concentration on the carbon membrane surface’s increases as the

carbonization temperature increases.

Comparison of C(1s) region

XP spectra of C(1s) region for the prepared CMSM at different carbonization end
temperatures are shown in Figure A.5. Five peaks were used to fit the C(1s) region using
consistent fitting protocols. Graphitic (C=C) and aliphatic carbon (C-C/C-H) appears at
285.0 eV binding energy (BE); the band at around 286.1 eV BE corresponds to C-O links
and at around 287 eV BE is assigned to O-C-O/C=0; finally, the bands at around 289 eV

BE and 290 eV BE are associated to —O-C=0 and ni-1t* satellite, respectively [7, 20, 22].
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Only one peak was used to fit the graphitic and aliphatic carbon atoms due to the close

proximity of their binding energies [22, 23]. The appearance of -rt* shake-up satellite

peak is the effect of polycondensed carbon cluster development that leads to the

formation of a delocalized m electron system [22]. This m-t* shake-up indicates the

development of sp? sites like in a graphitic structure [24] which is in accordance with

Raman spectroscopy results previously discussed.

Integrated areas of individual components were computed to quantify the change

in chemical composition of CMSM as a function of carbonization end temperature.

Table A.6 shows the relative area of each component obtained by curve fitting of the

C(1s) spectra for the different CMSM samples.
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Figure A.5. Observed and deconvolved C(1s) XP spectra of the different CMSM: (A) CMSM 400, (B)
CMSM 500, (€) CMSM 550, (D) CMSM 600.
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Table A.6. Relative areas of the XPS C(1s) peaks for the different CMSM.

Sample

C-H/c-c/c=C C-O

C=0/0-C-0 0-C=0 n-r*

CMSM 400
CMSM 500
CMSM 550
CMSM 600

76.7
80.8
54.4
51.2

19.5
153
254
34.0

2.1 1.0 0.7
1.8 1.5 0.6
11.3 8.5 0.4
2.7 11.5 0.6

The intensity of graphitic and aliphatic carbon peaks is the strongest in the C(1s)

spectra for all the CMSM prepared at different carbonization end temperatures.

Comparison of O(1s) region

XP spectra of O(1s) regions for CMSM prepared at different carbonization end

temperatures are shown in Figure A.6. Three peaks were used to fit the O(1s) region: a

peak for C=0 type oxygen (C=0 and COOR; 531.5-532.4 eV BE), another for C-O type

oxygen (C-OH, C-O-C and CO-0O-R; 533.4-533.8 eV BE) and a third assigned to oxygen

atoms in adsorbed oxygen and/or water (535.1-539.9 eV BE) [25-27]. For the

membranes carbonized at 600 °C (CMSM 600), only two peaks were needed to fit O(1s)

region (Figure A.6-D).
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Figure A.6. Observed and deconvolved O(1s) XP spectra of the different CMSM: (A) CMSM 400, (B)
CMSM 500, (€) CMSM 550, (D) CMSM 600.

Table A.7 shows the relative area of each component obtained by curve fitting of

the O(1s) spectra for the different CMSM samples.

Table A.7. Relative areas of the XPS O(1s) peaks for the different CMSM.

Adsorbed oxygen

Sample c=0 co and/or water
CMSM 400 7.1 81.9 11.0
CMSM 500 16.2 80.4 3.4
CMSM 550 45.8 46.6 7.6
CMSM 600 90.5 - 9.5

A significant increase in the relative area of the peak for C=0 type oxygen and a

substantial decrease in the relative area of the peak for C-O type oxygen is verified
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when the carbonization end temperature increases from 400 °C to 600 °C. At 600 °C,

C-0O functional groups are not observed.

A.4. Fourier transform infrared spectroscopy analysis

As discussed in Chapter 3.B, the chemical structure of the samples was examined
by Fourier transform infrared spectroscopy. Figure S.2 (Chapter 3.B) shows the FTIR
spectra of the cellophane precursor and derived CMSM. The precursor spectrum shows
a broad band in the 3800-3000 cm™ region which is ascribed to the O-H stretching
vibration [7, 8]. Cellophane possesses aliphatic structures as can be deduced from the
band at 3000-2815 cm™ which corresponds to stretching vibrations of aliphatic C-H [7];
the band at about 1640 cm™ can be assigned to C=C stretching vibrations and at
1456 cm is attributed to CH, bending vibrations. The bands at 1260 cm™, 1197 cm'?
and 1150 cm ! correspond at C-O-C antisymmetric stretching vibrations and the peak
at 1015 cm™! is assigned to C-O stretching vibrations. The peak detected at 894 cm™ is
characteristic of B-(1,4)-glycosidic linkages between glucose units (C-O-C stretching
vibrations) [28].

Regarding the CMSM, the spectra of the membranes prepared at different
carbonization end temperatures are quite similar. For the samples prepared between
400 °C and 550 °C carbonization end temperature, an absorption band at 3379 cm™® was
observed, characteristic of O-H stretching vibrations in hydroxyl or carbonyl groups
[29]. At 3038 cm™ a band ascribed to =C-H stretching was also identified (except for the
sample carbonized at 400 °C). The peak observed at 2921 cm™ is related to stretching
vibrations of aliphatic C-H (CH; group) [29-31]; however, it was observed that for
samples carbonized at 600 °C this peak disappeared. A band characteristic of
substituted benzene rings was also detected at 1916 cm™ [30] (except for the sample
carbonized at 400 °C). Besides, the band at about 1695 cm™ can be assigned to C=0
stretching vibrations corresponding to carbonyl, quinone, ester or carboxyl [32]; the

band at about 1584 cm™ can be assigned to COO™ antisymmetric stretching [30] and
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the band at 1146 cm™ is attributed to C-O-C antisymmetric stretching vibrations [32].
The bands in the 875-750 cm™ region are assigned to aromatic C-H out-of-plane

bending vibrations [7, 33, 34].

A.5. Inductively coupled plasma analysis

Inductively coupled plasma (ICP) is a powerful technique for detecting and
analyzing trace and ultra-trace elements. In the present work, metallic elements in
CMSM were estimated using an inductively coupled plasma mass spectrometer
(Thermo, model X series) and an inductively coupled plasma-optical emission
spectrometer (Horiba Jobin Yvon, model Activa M). The preparation of the samples for
ICP analysis was performed by microwave-assisted digestion using nitric acid. Table A.8
shows the elements and respective concentration present within the cellophane
precursor and CMSM. Sodium, chromium and manganese were found within the
cellophane film and consequently on CMSM prepared at different carbonization end
temperatures. As expected, the sodium concentration within the samples decreased
with the increase of the carbonization end temperature; this is in accordance with XPS
analysis already discussed (Table S.2, Chapter 3.B) that indicated that sodium
concentration at sample’s surface increased with the carbonization temperature

increment.

Table A.8. Concentration of the elements present within the precursor and different produced CMSM.

Analyte (ug-L?)

Sample
Na Cr Mn
Precursor 61.6 0.041 0.056
CMSM 400 56.6 0.036 0.040
CMSM 500 58.3 0.029 0.037
CMSM 550 51.8 0.035 0.042
CMSM 600 52.3 0.029 0.042
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Carbon molecular sieve membranes (CMSM) were prepared on a-alumina supports by carbonization of a
resorcinol-formaldehyde resin loaded with boehmite. Two series of carbon membranes produced at
500 °C and 550 °C carbonization end temperatures were prepared. The influence of the carbonization
end temperature on the structure, morphology and performance of the membranes was examined by
scanning electron microscopy, thermogravimetric analysis, CO, adsorption and permeation to N5, O,, He,
H, and CO, at temperatures from 25 °C to 120 °C. SEM photographs showed carbon membranes with a
thin and very uniform layer and a thickness of ca. 3 um. Carbon dioxide adsorption isotherms revealed
that all the produced carbon membranes have a well-developed microporous structure. Nevertheless, the
membranes carbonized at 550 °C have more ultramicropores and a narrower pore size distribution.
The permselectivity of CMSM prepared at this temperature surpasses the Robeson upper bound for
polymeric membranes, especially regarding ideal selectivities of pairs O,/N; (O, permeation rate: 9.85 x
10""molm~2s 'Pa~! and ideal selectivity: >11.5), Hy/N, (H, permeation rate: 5.04x
10~ %molm~2s~'Pa~! and ideal selectivity: >586) and He/N, (He permeation rate: 4.68 x
108 mol m~2s~!Pa~"' and ideal selectivity: > 544).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Carbon molecular sieve membranes have emerged as promis-
ing candidates for gas separation applications because of their
attractive characteristics such as superior thermal resistance,
chemical stability in corrosive environments, high permeabilities,
as well as excellent selectivities compared to polymeric mem-
branes [1-3]. Carbon membranes are prepared by carbonization of
polymeric precursors under controlled inert atmosphere [4,5]; the
polymeric precursor should withstand high temperature treat-
ment without much shrinkage [6] and should have a high carbon
yield [1]. After the carbonization step, CMSM present an amor-
phous nanoporous skeleton [6,7]; Fig. 1 shows an HR-TEM photo
of a carbon molecular sieve membrane showing no ordered
structural building units [8].

CMSM have a slit-like pore structure, which provides a unique
combination of micropore (0.7-2 nm) and ultramicropore (less
than 0.7 nm) networks [9,10]. The larger pores are responsible for
sorption and ultramicropores are accountable for the molecular
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sieving mechanism since they approach the molecular dimensions
of diffusing gas molecules and consequently allow the passage of
smaller species of a gas mixture and obstruct the larger ones [2,5].
The exceptional gas separation performance of CMSM is made
possible due to the combination of this molecular sieving trans-
port with a solution-diffusion mechanism [4,6,11].

Some parameters such as carbonization conditions (heating rate,
end temperature, soaking time and gas atmosphere) and pre-/post-
treatment conditions (thermostabilization, oxidation and chemical
vapor deposition) determine the microstructure and gas permeance
properties of the carbon molecular sieve membranes [12-15]. But
above all, polymer precursor has a crucial function in determining
the final structure of the carbon membranes since different polymer
precursors carbonized in the same conditions lead to carbon mem-
branes with different properties [2,16].

Research efforts have been focused on carbon molecular sieve
membranes for gas separation obtained from the carbonization of
various polymeric precursors such as polyimides [15-21], cellulose
[22,23], polyacrylonitrile [24], poly(furfuryl alcohol) [25,26] and
phenolic resins [4,8,27,28]. Nevertheless, the search for ways to
produce carbon membranes with excellent separation proper-
ties and stability, without losing the economical processability of
polymeric membranes, still presents a major challenge in this field.
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Resorcinol-formaldehyde resin (Fig. 2) makes an excellent
precursor material for the production of CMSM due to its con-
siderable fixed-carbon yield, high inherent purity and low cost
[29-32].

However, very few studies have been reported on the produc-
tion of carbon molecular sieve membranes from resorcinol-for-
maldehyde resin. Tanaka et al. [33] prepared microporous carbon
membranes on a porous a-alumina support by a partial carboni-
zation of a resorcinol-formaldehyde resin for pervaporation appli-
cations. Dong et al. [34] prepared microporous carbon membranes
on o-alumina supports carbonizing resorcinol-formaldehyde
polymer precursor and quaternary ammonium compounds (tetra-
methylammonium bromide and tetrapropylammonium) for dehy-
dration of water/ethanol and water/isopropanol mixtures by
pervaporation. Yoshimune et al. [35] obtained highly mesoporous
carbon membranes by carbonizing sol-gel derived mesoporous
resorcinol-formaldehyde membranes.

In general, the methods described in the literature to obtain
supported carbon membranes are complex and the coating-
carbonization cycle must be repeated several times to achieve
crack-free CMSM, which needs time and special care. Only a few
researchers have reported the development of defect-free mem-
branes by a single dipping-drying-carbonization step [1,4,8,
36-40]. The addition of boehmite particles with needle shape to
the CMSM precursor recently proved to be effective for producing
crack-free supported membranes in a single dipping-drying-
carbonization step. Boehmite (y-AlO(OH)) is an aluminum oxide
hydroxide, and it has been recently used by our research team to

Fig. 1. HRTEM image of a composite carbon molecular sieve membrane derived
from phenolic resin incorporated with ceramic particles of boehmite (carbonized at
550 °C) [24].
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prepare carbon molecular sieve membranes [4,8]. During carbo-
nization, boehmite nanoparticles dehydrate and Al,03; nanowires
are formed and homogeneously distributed in the carbon matrix.
Teixeira et al. [8] prepared composite carbon membranes from a
Resol phenolic resin loaded with boehmite nanoparticles in a
single coating-drying-carbonization step. The composite carbon
membranes obtained exhibited high permeability to CsHg and
considerable C3Hg/C3Hg ideal selectivity, well above the state-of-
the-art plot for polymeric membranes for this separation. O,/N,,
He/N, and CO,/N, ideal selectivities of 5, 34 and 30, respectively,
were achieved. In this study, the boehmite nanoparticles' key role
was identified: these needle-shaped particles control the poly-
meric precursor rheology.

This work proposes the incorporation of low cost nanoparticles
(boehmite) in a low cost resorcinol-formaldehyde resin to prepare
composite carbon molecular sieve membranes in a single dipping—
drying-carbonization step. Defect-free supported carbon mem-
branes were prepared successfully and reproducibly at different
carbonization end temperatures of 500 °C (CMSM 500) and 550 °C
(CMSM 550). Dry films of the composite top layer were pre-
pared, and morphological characterization of the material was
performed by scanning electron microscopy (SEM) and thermo-
gravimetric analysis (TGA). Pore size distributions were obtained
from the adsorption equilibrium isotherms of carbon dioxide
at 0 °C. Permeation experiments were performed to assess the
permeability toward N, O,, CO,, He and H, as well as the ideal
selectivities for separations of industrial relevance.

2. Experimental
2.1. Materials

A resorcinol-formaldehyde resin, used as precursor, was pro-
vided by Continental Portugal. N-methyl-2-pyrrolidone (NMP)
was supplied by Acros Organics. Boehmite nanoparticles (10%
Boehmite solution, particle size 8-20 nm) were supplied by
Kawaken Fine Chemicals Co. Ltd. The a-alumina tubular supports
were purchased from Inopor. Non-porous alumina tubes were
bought from Omega Engineering Limited. The permanent gases
were supplied by Air Liquide (99.999% pure).

2.2. Tubular ceramic supports preparation

The ends of the porous Al,03 supports were attached to non-
porous Al,Os tubes and sealed with a glass sealant at 1150 °C.
The supports have a mean pore size of 200 nm (located in the
outer part of the tube), an external diameter of 10 mm and a
length of 70 mm. An effective length of approximately 50 mm was
left for dip-coating.

OH
CHp CHy CHa
OH! OH OH
CH,
HO OH
H2 CH2~

OH

Fig. 2. Structure of a resorcinol-formaldehyde resin.
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2.3. Preparation of carbon molecular sieve membranes

Resorcinol-formaldehyde resin was diluted in NMP to prepare
a 15 wt¥% resin solution with a viscosity of ca. 0.04 Pa s and a pH of
4.6. A composite coating solution of 14 wt% of resorcinol-formal-
dehyde resin, 0.5wt% of boehmite nanoparticles, 0.6 wt% of
ethylenediamine monohydrate and 85.6 wt% of NMP was pre-
pared. Ethylenediamine monohydrate was used as a basic catalyst
of the polymerization reaction.

Supported membranes were then prepared by dip coating the
alumina tubular supports in the coating solution using a vacuum
pump. The resorcinol-formaldehyde resin-based membranes were
dried in a rotating oven at 70 °C overnight to avoid a quick release
of the solvent during the carbonization stage that could damage
the carbon matrix, causing cracks or defects. Subsequently, the
membranes were left at 90 °C for 7 h.

The carbonization of the precursor was accomplished in a quartz
tube (80 mm in diameter and 15 m in length) inside a tubular
horizontal Termolab TH furnace. To guarantee temperature homo-
geneity along the quartz tube, the furnace has three separating heating
elements controlled by three PID control heating parameters. Fig. 3
gives a schematic overview of the furnace.

The carbonization was performed under N, atmosphere, flow
rate of 170 mLmin~' and a heating rate of 1°Cmin~'. Fig. 4
shows the temperature history to prepare the carbon molecular
sieve membranes from resorcinol-formaldehyde resin.

First, the temperature was raised from ambient to 110 °C at a
rate of 1°Cmin~! and held at this temperature for 30 min;
subsequently, the temperature was increased from 110 °C to the
desired carbonization end temperature (again at a heating rate of
1°Cmin~ ') and held at that temperature for 2 h; afterward, the
membranes were allowed to cool to room temperature.

2.4. Scanning electron microscopy and energy dispersive
X-ray spectroscopy analysis

The samples were fixed onto aluminum sample holders with
Araldite™ cement, sputter-coated with palladium-gold (Bal-Tec -
SCD 050) and observed in a scanning electron microscope (SEM,
FEI Quanta 400FEG).

2.5. Thermogravimetric analysis

TGA were carried out in a Netzsch TG 209 F1 Iris thermogravi-
metric balance with a resolution of 0.1 pug. It was analyzed the
dipping solution used to prepare the CMSM. The sample was
previously dried in the oven at 110 °C for 72 h in order to remove
most of the solvent. The characteristic curve was determined from
20 °C to 900 °C under N, atmosphere with a heating rate of
10 °Cmin~".

209

2.6. Pore size characterization

The pore size distribution and the porosity volume of the
produced CMSM were obtained based on the adsorption equili-
brium isotherm of CO, at 0 °C determined in a magnetic suspen-
sion balance as described elsewhere [41].

2.7. Permeation experiments

The permeation properties of the produced CMSM were obtained
by probing the membrane with pure gases. Briefly, N, O,, He, H, and
CO, were introduced shell side at 0.11-0.15 MPa feed pressure (Horiba
Stec, model UR7340) and the permeated flow rate at room pressure
was determined by one of the three flow meters (Bronkhorst, ranges:
0-1, 0-10 and 0-100 mLy min~ ') [8].

All the results obtained are averages based on the measure-
ments of at least three membrane samples prepared and tested
under the same conditions.

3. Results and discussion

3.1. Scanning electron microscopy and energy dispersive
X-ray spectroscopy analysis

The morphology and qualitative elemental composition of
carbon molecular sieve membranes were determined by scanning
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Fig. 4. Temperature history to prepare carbon molecular sieve membranes from
resorcinol-formaldehyde resin. End temperature: 550 °C.
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Fig. 5. SEM photographs of one-coated resorcinol-formaldehyde based carbon membrane carbonized at 550 °C: (a) cross section; (b) surface view.
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Fig. 6. Thermogravimetric analysis of composite dipping solution containing 14 wt%
of resin and 0.5 wt% boehmite nanoparticles used to prepare CMSM.

electron microscopy and energy dispersive X-ray spectroscopy
(EDS), respectively. SEM microphotographs of cross-section of a
supported CMSM 550 are shown in Fig. 5.

Fig. 5(a) indicates that two different parts can be distinguished:
the top thin layer and the porous alumina support. A defect-free
carbon film of ca. 3 um thickness was uniformly formed on the top
of the a-alumina tubular support. Fig. 5(b) shows that Al,03;
nanoparticles were well distributed in the carbon matrix. EDS
analysis also revealed a uniform carbon and Al,0; composition
along the layer thickness (data not shown).

3.2. Thermogravimetric analysis

TGA was used to assess the thermal decomposition kinetics and
stability of polymer in an inert atmosphere. TGA was performed on
the dry dipping solution used for the preparation of the CMSM.
The characteristic curve was obtained under N, atmosphere and is
plotted in Fig. 6.

Fig. 6 shows that from room temperature to 175 °C the composite
film loses about 2% of its original weight. This loss is attributed to
the release of adsorbed water from the precursor. Between 175 °C
and 350 °C the sample loses ca. 30% of its original weight, which
should be related to the degradation of the resorcinol-formaldehyde
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Fig. 7. Adsorption equilibrium isotherm of CO, at 0°C for CMSM 500 and
CMSM 550.

resin. It has been reported that at this temperature gases from the
amine decomposition generate micropores in the carbonized resor-
cinol-formaldehyde resin membrane [42]. Between 500 °C and
800 °C a lower weight loss of 15% is observed; at 900 °C the total
weight loss is approximately 44%; this weight loss is in accordance
with the literature [35].

3.3. Porosity assessment

The adsorption of nitrogen at —196 °C is the most frequently
used technique to assess the microporosity of carbonaceous
materials. However, when ultramicroporosity is involved some
diffusional limitations occur and adsorption of carbon dioxide at
0°C is a good alternative to overcome this problem [43,44]. The
adsorption equilibrium isotherms of CO- at 0 °C for CMSM 500 and
CMSM 550 are plotted in Fig. 7.

Dubinin-Raduschkevisch (DR) equation is commonly used to
describe the adsorption in micropores:

wo RT In(Py/P)\ >
wio_eXp{f (T) } W
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where W is the micropore volume, P is the pressure, Wy is the total
micropore volume, E is the characteristic energy for adsorption,
Py is the vapor pressure of the free liquid, R is the gas constant
and T is the absolute temperature. However, the DR equation only
provides a reasonable description of adsorption in micropores
when the characteristic curve obtained from CO, adsorption is
linear. Recently a more general equation was proposed, the Dubinin—
Astakhov (DA) equation:

wo RT In(Py/P)\"
w8 @

where n is an adjustable parameter. DR equation results from DA
equation for the particular case of n=2.

In the present work, the characteristic curves obtained from the
CO, adsorption isotherm on CMSM 500 and CMSM 550 are not
very linear, indicating that the DR equation could not provide
reasonable descriptions. Therefore, micropore volume and the
characteristic energy for adsorption were determined by fitting
the Dubinin-Astakhov equation to experimental data. Fig. 8 pre-
sents the characteristic curve for CMSM 550.

It can be seen that the DA equation with n= 2.6 fits very well
the experimental data. It is important to note that the slope of the
plot is related to Ep and the intercept is related to Wy. Table 1
presents a summary of the structural parameters for the studied
samples. Generally, empiric correlations developed by Stoeckli are
used to estimate the mean pore width. However, Stoeckli equation
can only be used when the DR equation applies. For that reason,
the mean pore width in the present work was determined by
a weighted average. For CMSM 550, the micropore volume
of 0.40cm?g~! is slightly higher when compared with other
reported values [4,21,41,45,46]. However, the mean pore width
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Fig. 8. CO, characteristic curve for CMSM 550 at 0 °C (points experimental data;
solid line DA fitting).

Table 1
Structural parameters for carbon molecular sieve membranes carbonized at 500 °C
and 550 °C.

Parameter CMSM 500 CMSM 550
W (ecm®g~ 1) 0.13 0.40
Eo (k] mol 1) 11.14 12.06
# (nm) 0.68 0.58

(obtained by a weighted average) has the usual value found for
carbon molecular sieves [4,45,46]. For CMSM 500, the mean pore
width (obtained by a weighted average) is a little higher when
compared with other values in the literature [4,8,45,46].

Pore size distribution for all carbon molecular sieve membranes
was obtained using the method proposed by Do et al. [43,47] for
the determination of micropore size distribution in carbonaceous
materials. Figs. 9 and 10 show the pore size distribution obtained
for CMSM 550 and CMSM 500, respectively.

It can be seen that the studied carbon membranes present
ultramicropores (0.3-0.7 nm range) and larger micropores (0.7-
1 nm). However, CMSM 500 have a large number of micropores
with larger dimensions when compared to CMSM 550. On the
other hand, CMSM 550 have a large number of micropores with
narrower pore size distributions.

These small changes in the number and size of both ultra-
micropores and larger micropores influence the permeability and
permselectivity performance of both membranes, as will be shown
in Section 3.4.

3.4. Single gas permeation experiments

The permeance of the supported CMSM obtained at 500 °C
and 550 °C was assessed for N, (0.364 nm), O, (0.346 nm), He

0.040

0.035

0.030

0.025 u

0.020

F/cm3g!nm

0.015
0.010
0.005

0.000 4UT*JI

0 01 02 03 04 05 06 07 08 09 1

Pore width / nm

Fig. 9. Micropore size distribution for CMSM 550.
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Fig. 10. Micropore size distribution for CMSM 500.
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(0.260 nm), H, (0.290 nm) and CO, (0.335 nm) - the values in
brackets correspond to the kinetic diameter of the gases [48].
The produced CMSM were exposed to the room conditions for
6 days. Afterward, the samples were heated at various tempera-
tures (140 °C, 160 °C and 200 °C) for 2 h under N, atmosphere with
a heating rate of 0.7°Cmin~'. The feed pressure was varied
between 0.11 MPa and 0.15 MPa while the permeate was kept at
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Fig. 11. Permeability as a function of kinetic diameter of gas molecules for two
sets of supported carbon membranes obtained at different end carbonization
temperatures.
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Fig. 12. Gases permeances as a function of feed pressure for CMSM 500. Mem-
branes were activated at 140 °C for 2 h under N, atmosphere before permeation.

Table 2

ca. 0.10 MPa (atmospheric pressure). Gas permeation experiments
were carried out at 25-120 °C.

The effect of carbonization end temperature on the perme-
ability of two sets of resorcinol-formaldehyde carbon membranes
is summarized in Fig. 11.

It can be concluded that the devised preparation process
originates membranes with very similar permeation properties.
Moreover, the samples carbonized at higher end temperature
(CMSM 550) have generically smaller gas permeation rate; for
example, the permeability to N, became around 3 times smaller
when compared to CMSM 500 samples. This can be attributed to
the ultramicropores shrinkage [49,50]. CMSM 500 also have a
larger mean pore width, #=0.68 nm compared to CMSM 550,
#=0.58 nm (Table 1). However, CMSM 550 actually have a larger
volume of ultramicropores (comparing Figs. 9 and 10), which gives
He a higher permeance in CMSM 550 than in CMSM 500.

The performance of a membrane toward a separation is
characterized by the permeability to the target species as well as
the corresponding selectivities. Under all tested conditions, it was
observed that the best compromise between permeability and
selectivity was achieved for the membranes carbonized at 550 °C,
activated at 140 °C and measured at 120 °C. Therefore, these
results will be further discussed here.

Fig. 12, Table 2 and Fig. 13, Table 3 show the permeances as a
function of the feed pressure for CMSM 500 and CMSM 550,
respectively.

The permeance toward all gases is pressure-dependent: Nishiyama
et al. [42] and Lagorsse et al. [45] reported that this behavior seems
to become more evident as the intensity of the adsorbate/adsor-
bent interactions increases. Since CO, shows a more pronounced
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Fig. 13. Gases permeances as a function of feed pressure for CMSM 550. Mem-
branes were activated at 140 °C for 2 h under N, atmosphere before permeation.

Permeance properties as a function of the pressure difference for CMSM 500. Membranes were activated at 140 °C for 2 h under N, atmosphere before permeation.

Feed pressure (kPa)

Permeance (molm~2s~'Pa~')

N2 0, He H COy
500 2465 % 10710 1513 x 107° 3.947 x 1078 5.484 x 107# 4.831x10°°
300 ? 1.562 x 107° 4.017 x 108 5.571x 1078 4310x10°
100 ° 1403 x 10~° 4189 x 1078 5.931x10°8 1.615x 107°

¢ Below the detection limit.
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Table 3

Permeance properties as a function of the pressure difference for CMSM 550. Membranes were activated at 140 °C for 2 h under N, atmosphere before permeation.

Feed pressure (kPa) Permeance (molm~—2s~'Pa~1)

N2 0, He H> CO,
500 <8.530x 10" 1.062 x 10~° 4.614x 108 5.029 x 10~8 2256 x 10~°
300 N 1.075x10°° 4653 x 1078 4.775x107% 1.774x107°
100 4 8173 x10°1° 4.766 x 108 5312x 1078 <8530x10°1°
¢ Below detection limit.
30 Table 4
Ideal selectivities for CMSM 500 and CMSM 550. Membranes were activated at
'."' oN 140 °C for 2 h under N, atmosphere before experiments were performed.
Ay
i ° O Ideal selectivity
T o
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Temperature / °C the change of CMSM permeance with temperature, the apparent

Fig.14. Gases permeances as a function of temperature for CMSM 550. Membranes
were activated at 140 °C for 2 h under N, atmosphere before permeation.

permeance increase with pressure, CO, should have more affinity to
the resorcinol-formaldehyde based carbon membranes than the
other gases.

The effect of temperature on the permeance of CMSM 550 to
the probing gases is illustrated in Fig. 14.

It can be seen that membrane permeance increases as the
temperature increases. This reveals that the gas transport through
the carbon molecular sieve membranes is an activated diffusion

activation energy can be estimated according to the following
Arrhenius equation:

Ea DO
In(P) = 7ﬁ+ In (ﬁ) A3)
where Dy is a pre-exponential factor, E, is the apparent activation
energy, P is the permeability, R is the gas constant and T is the
absolute temperature.

The estimated apparent activation energies for O,, He, H, and
CO;, are 17, 7, 10.8 and 18.2 kJ/mol, respectively. These values are
relatively close to other values reported in literature [51]. The
apparent activation energy for N, was not calculated because
permeation data are just available for temperatures of 100 °C and
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Fig. 16. Gas permeation results for He/N, in CMSM 500 and CMSM 550 and
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Fig. 17. Gas permeation results for Hp/N, in CMSM 500 and CMSM 550 and
comparison with the respective upper bound plot.

above (see Fig. 14), and therefore there were not enough data to
make the corresponding Arrhenius plot.

Ideal selectivities obtained for both carbon molecular sieve
membrane sets are shown in Table 4.

It can be seen that ideal selectivity for all gas pairs increases
significantly when the membrane carbonization end temperature
increases from 500 °C to 550 °C. Small differences observed in pore
size distribution and mean pore width are very important and
strongly influence the diffusion of molecules with closer sizes such
as Ny, O, and CO,.

The obtained permeabilities and ideal selectivities were
inserted into the semi-empirical plots devised by Robeson in
2008 [52]. The permeability is expressed in Barrer, which equals
to 335 x 107" mol m m~2 s~ ! Pa~'. Figs. 15-18 illustrate the
upper bound limits for 0O,/N,, He/N,, Hy/N, and CO,/N,,
respectively.
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Fig. 18. Gas permeation results for CO,/N, in CMSM 500 and CMSM 550 and
comparison with the respective upper bound plot.

CMSM 550 showed promising results for the separation of
0,/N, (permeability: 8.7 Barrer; and ideal selectivity: > 11.5),
Hy/N, (permeability: 445.6 Barrer; and ideal selectivity: > 586)
and He/N, (permeability: 413.8 Barrer; and ideal selectivity:
> 544). Finally, Fig. 19 compares these results with permeation
data of CMSM produced from other low cost precursors (phenol-
formaldehyde resins).

It can be concluded that CMSM 550 exhibit higher ideal
selectivities toward O,/N,, He/N, and H,/N, and higher perme-
abilities toward H, and He when compared to similar studies
[1,4,8,36,37,53-57]. However, lower permeabilities were obtained
toward O, [36,53,54,56].

4. Conclusions

Carbon molecular sieve membranes were successfully prepared
in a single dipping-drying—carbonization sequence. Membranes
with reproducible properties were prepared from resorcinol-
formaldehyde resin, a low cost precursor, loaded with boehmite
nanoparticles. The effect of the carbonization end temperature
was assessed and better separation properties were found
for sample CMSM 550, carbonized in an inert atmosphere at
550 °C. For improving their permeation stability, membranes were
contacted with ambient air for 6 days and activated at 140 °C
under N, atmosphere. Carbon molecular sieve membranes carbo-
nized at 550 °C end temperature showed a large number of
micropores with a narrower pore-size distribution and much
higher ideal selectivities and relatively similar gas permeation
rates than those produced at 500 °C.

The Robeson upper bound for polymeric membranes was
overtaken by CMSM 550, regarding O,/N, (O, permeation rate:
985x10 " molm~2s~'Pa~! and ideal selectivity: > 11.5),
H,/N, (H, permeation rate: 5.04 x 10~ molm~2s~'Pa~! and
ideal selectivity: >586) and He/N, (He permeation rate: 4.68 x
10 8molm~2s~!Pa~! and ideal selectivity: > 544) separations.
CMSM 550 are superior to many reported carbon membranes
produced from other low cost precursors, indicating that CMSM
produced from resorcinol-formaldehyde resin have potential for
gas separation.
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DESCRIPTION
A CARBON MOLECULAR SIEVE MEMBRANE, METHOD OF PREPARATION AND USES
THEREOF

Technical field

[0001] The present disclosure relates to a novel carbon molecular sieve membranes
(CMSM). More particularly, the disclosure relates to the polymeric precursor and
carbonization conditions needed for producing a high-selective, age-free CMSM. More
specifically, the present subject-matter discloses a process for obtaining from a
cellophane precursor and in a single carbonization step a CMSM that displays no pore
blockage in the presence of water vapor and displaying very high ideal

permselectivities and permeabilities for industrially relevant gas mixtures.

Background

[0002] Carbon molecular sieve membranes (CMSM) were proposed first by Koresh and
Soffer in 1980 and studied since them. Though the very promising high
permselectivities and permeabilities displayed by these membranes, they still not

commercial.

[0003] CMSM are prepared from the controlled carbonization of a polymeric
precursor; pre- and post-treatments are normally applied to improve the separation
performance and stability of the prepared membranes. This precursor plays a key role
in the production of carbon molecular sieve membranes since different precursors
carbonized in the same conditions bring carbon membranes with different properties.
The carbonization conditions (carbonization end temperature, heating rate,
atmosphere and soaking time) are also of extreme importance for the resulting CMSM

performance since they tailor the pore size and structure of carbon membranes.

[0004] CMSM are known to have high permeability of gases, high selectivity and to be
thermal and chemically stable. However, they present significant complications related

to their performance stability. All reported and disclosed CMSM suffer pore blockage
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in the presence of water vapor, normally above 30 % of RH, and display oxygen
chemisorption that in some cases is most severe than in others. The chemisorbed
oxygen reduces the pore size and affects the separation performance of the
membrane. On the other hand when CMSM are exposed to humidity, water initially
adsorbs onto hydrophilic sites and once the first water molecule is adsorbed,
adsorbate-adsorbate interactions will promote the adsorption of further molecules
through hydrogen bonds. When the resulting water cluster reaches the dispersive
energy for rolling over the hydrophobic path, it eventually encounters a gas selective
pore constriction blocking it. In consequence of this pore blockage, the membrane

permeability decreases, normally abruptly, making it useless.

[0005] Jones and Koros [1] evaluated the performance of single-fiber test modules at
various water activity levels (23 %-85 % of relative humidity) and observed that the
membranes were unfavorably affected by exposure to water vapor. The membrane
performance loss increased with the increase of the relative humidity in the stream.
The same authors suggested, in 1995, a coating of the carbon membranes with a very
thin film of highly porous and hydrophobic material such as Teflon [2]. This coating
provided a protective barrier that reduced the adverse effects on the performance of

the membrane caused by the humidity.

[0006] Carbon Membranes Ltd. (Israel) produced mechanically stable hollow fiber
dense membranes from cellulose cupra-ammonia precursors [3]. A technique for
repairing cracked hollow fibers was developed using a sealant [4] and a method for
improving membrane selectivity was also carried out using chemical vapor deposition
followed by activation [5]. However, these membranes presented aging problems
when exposed to pure oxygen or air and exhibited pore blockage in the presence of

humidity [6]. Eventually this company closed in 2001.

[0007] Various regeneration techniques are known in the art. These include thermal
regeneration, ultrasonic regeneration, chemical regeneration, electrothermal
regeneration and microwave regeneration. However, regeneration techniques are not

favored since they are time consuming, expensive and often unsuccessful.



WO 2017/068517 PCT/IB2016/056295

[0008] The prior art had never reported a CMSM stable in the presence of a
humidified stream above 40 % RH. The present patent discloses the process and
applications of a CMSM stable to oxygen and humidified streams, produced in a single

carbonization step and displaying extremely high gas separation performances.

[0009] Cellophane is a thin, transparent sheet made of regenerated cellulose.
"Cellophane" is in many countries a registered trademark of Innovia Films Ltd.
Cellophane remains a trademark in many countries in Europe and elsewhere, in the

United States it is, by court decision, a generic name.

[0010] Cellophane emerged from a series of efforts conducted during the late 19th
century to produce artificial materials by the chemical alteration of cellulose, a
natural polymer obtained in large quantities from wood pulp or cottonlinters. In 1892
English chemists Charles F. Cross and Edward J. Bevan patented viscose, a solution of
cellulose treated with caustic soda and carbon disulfide. Viscose is best known as the
basis for the man-made fiber rayon, but in 1898 Charles H. Stearn was granted a British

patent for producing films from the substance.

[0011] These facts are disclosed in order to illustrate the technical problem addressed

by the present disclosure.

General Description

[0012] It was surprisingly found , that contrary to what it was expected the
membranes showed no noticeable pore blockage when treating humidified stream up
to ca. 80 % RH, since the state of the art indicates otherwise. Preferably, the
permeation of some species as well as separation factors was improved. Moreover,
these membranes showed no noticeable oxygen chemisorption after a conventional
treatment with propylene. This unprecedented result was obtained with a single
carbonization step. This fact opens the door to a number of novel applications of these
membranes. These new CMSM are advantageous for several industrial applications
such as separation of nitrogen and oxygen from air, separation of hydrogen from

syngas, removal of CO; from the natural gas wells, recover of hydrogen from natural
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gas, CO; separation from flue gas, air dehumidification, natural gas dehydration,
helium recovery/separation, ethene/ethane or xenon separation from gas mixtures.

CMS membranes can be flat sheet or hollow fibers and supported or unsupported.

[0013] The present disclosure relates to a novel carbon molecular sieve membranes.
More particularly, the disclosure relates to the polymeric precursor and carbonization

conditions needed for producing a high-selective, age-free CMSM.

[0014] More specifically, the present subject-matter discloses a process for obtaining

CMSM from a cellophane film and in a single carbonization step.

[0015] The carbon molecular sieve membrane obtainable by the process described
displays no pore blockage in the presence of water vapor and displaying very high ideal

permselectivities and permeabilities for industrially relevant gas mixtures.

[0016] The cellophane film/precursor used in the present disclosure was obtained by

the viscose process.

[0017] An aspect of the present disclosure relates to a carbon molecular sieve
membrane obtained by carbonization of a carbonaceous polymer precursor
comprising hydrophilic surface elements, in particular homogeneously distributed,
with a predetermined heating protocol up to a predetermined end carbonization
temperature. The hydrophilic sites allow water molecules to jump along the surface
from hydrophilic group in hydrophilic group avoiding the formation of water clusters

and displaying a quasi-linear water vapor adsorption isotherm.

[0018] The carbon molecular sieve membrane pore size distribution is controlled

independently by the carbonization end temperature.
[0019] In an embodiment for better results, the polymer precursor may be cellophane.

[0020] In an embodiment for better results, the hydrophilic surface elements can be

metallic and semi-metallic elements and oxygen functional groups.
[0021] In an embodiment for better results, the metallic elements may be select of a
list consisting of: lithium, sodium, potassium, magnesium, cupper, silicon, nickel, iron,

calcium, barium and their oxides.
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(7]

[0022] In an embodiment for better results, the hydrophilic surface elements are

oxygen functional groups such as: hydroxyl, carbonyl, ether, esther and carboxylic.

[0023] In an embodiment for better results, the carbon molecular sieve membrane is
age free - i.e. that displays no pore blockage - when submitted to a humidified stream
comprising 50 % relative humidity (RH) - at 25 °C and 1 bar. Preferably, the carbon
molecular sieve membrane is age free when submitted to a humidified stream
comprising 80 % relative humidity (RH) - at 25 ° C and 1 bar. The measurement of the
pore blockage can be performed by several methods, in this disclosure the pore

blockage was measure as described in example 1.

[0024] In an embodiment for better results, the metallic elements are clusters of

atoms, in particular clusters size in the range 1-20 atoms.

[0025] In an embodiment for better results, the carbon molecular sieve membrane of
the present disclosure comprises large pores between 0.5-0.8 nm interconnected to
pores between 0.3-0.5 nm. The measurement of the membrane pore size distribution
can be performed by several methods, in this disclosure the pore size distribution was

measured by the method proposed by Do et al. [7, 8] for carbonaceous materials.

[0026] In an embodiment for better results, the end carbonization temperature is

between 500-625 °C, preferably between 525-600 °C, preferably between 500-575 °C.

[0027] In an embodiment for better results, the carbonization of the cellophane film
has a heating rate between 0.1-10 C-min-1, preferably the cellophane film has a

heating rate between 0.5-5°C-min-1, preferably 1 °C:min-1.

[0028] In an embodiment for better results, the carbonization of the cellophane film

has one or more dwells, in particular comprising a first dwell at 110 °C.

[0029] In an embodiment for better results, the cellophane film is obtained by the

viscose process.

[0030] In an embodiment for better results, the membrane thickness varies between

1-10 pm.
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[0031] In an embodiment for better results, carbon molecular sieve membrane of the
present disclosure may further comprising a support reinforced with inorganic
particles, wherein the support comprises the same shrinkage ratio during the
carbonization step compared with the carbon molecular sieve membrane, preferably

inorganic particles of the support are boehmite and/or glass micro fibers.

[0032] In an embodiment for better results, the shrinkage ratio is controlled by adding

further comprising phosphoric acid catalyst to the cellophane precursor.

[0033] In an embodiment for better results, the addition plasticizers improve the
mechanical flexibility of the carbon molecular sieve membrane of the present
disclosure. For better results the plasticizer concentration is between 5-15 wt.%,
improving the control of the pore size distribution. Preferably the plasticizers may be
select from a list consisting of: glycerol, PEG, monopropylene glycol, urea, and

mixtures thereof.

[0034] Another aspect of the present disclosure relates to hollow fiber carbon
comprising the carbon molecular sieve membrane of the present disclosure, wherein

the membrane comprises a thickness between 1 - 10 um.

[0035] Another aspect of the present disclosure relates to the use of the carbon
molecular sieve membrane described in the present disclosure in a humidified gas

streams comprising a constant gas permeation up to 80 % of relative humidity.

[0036] In carbon molecular sieve membrane described in the present disclosure may
be use in gas separation, in particular for several applications as: air dehumidification,
separation of nitrogen and oxygen from air, natural gas dehydration, separation of
hydrogen from syngas, removal of CO2 from the natural gas wells, recover of hydrogen
from natural gas, CO2 separation from flue gas, helium recovery/separation,

ethene/ethane or xenon separation from gas mixtures.

[0037] Another aspect of the present disclosure relates to a method to obtain the

carbon molecular sieve membrane described in the present disclosure comprising:
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providing a cellophane precursor produced by the viscose process, comprising
hydrophilic surface elements wherein the hydrophilic surface elements are metallic

and semi-metallic and oxygen functional groups;

carbonizing the precursor with a predetermined heating protocol up to a
predetermined end carbonization temperature, wherein the end carbonization
temperature is between 500-625 °C, preferably the end temperature is between

525-575 °C, more preferably 550 °C.

[0038] In an embodiment for better results, the carbonization of the cellophane film
has a heating rate between heating rate 0.1-10 C-min-1, preferably 0.5-5, more

preferably 1 °C-min-1.

[0039] In an embodiment for better results, the carbonization of the cellophane
precursor/film is in a controlled atmosphere, preferably of nitrogen or vacuum

atmosphere.

[0040] In an embodiment for better results, the carbonization of the cellophane
precursor film is in an atmosphere comprising a nitrogen flow rate ranging between

100-200 ml min-1.

[0041] In an embodiment for better results, the plasticizer has a concentration

between 5-15 wt.%.

[0042] These and other features of the present invention will become readily apparent

upon further review of the following specification and figures.

Brief Description of the Drawings

[0043] The following figures provide preferred embodiments for illustrating the

description and should not be seen as limiting the scope of invention.

[0044] FIG.1 Temperature history to prepare carbon molecular sieve membranes.
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[0045] FIG.2 Scanning electron images of a CMSM carbonized at 550 °C (A) cross-

section; (B) surface view.

[0046] FIG. 3 Water vapor adsorption and desorption equilibrium data at 25 °C on a

carbon molecular sieve membrane carbonized at 550 °C.

[0047] FIG. 4 Micropore size distribution for carbon molecular sieve membrane

carbonized at 550 °C.

[0048] FIG.5 Gas permeation results for O2/N; in carbon membranes carbonized at

different temperatures and comparison with the respective upper bound limit.

[0049] FIG.6 HRTEM pictures of a (A) cellophane-based CMSM and (B) carbon

molecular sieve membrane from Fraunhofer.

[0050] FIG. 7 TPD spectra of carbon molecular sieve membranes prepared at 400 °C
and 550 °C and a comparison with the spectra of hollow fiber membranes by Carbon

Membranes Ltd: (a) CO evolution; (b) CO; evolution.

[0051] FIG. 8 lllustrative figure of the high flexibility of the cellophane based-CMSM.
Figure proving the high flexibility of a CMSM produced at 550 °C.

Detailed Description

[0052] Carbon molecular sieve membranes contain pores larger than the
ultramicropores required for the molecular sieving process. These larger pores connect
ultramicropores that perform the molecular sieving mechanism and allow for high
permeabilities. Generally, an increase in the carbonization end temperature results in
a decrease in the gas permeability and an increase in the ideal selectivity, since higher
carbonization temperatures originate CMSM with smaller interplanar spacing between

the graphite-like layers of carbon.

[0053] The carbonization process is a very important step during the production of
carbon molecular sieve membranes and can be considered the heart of the carbon
membrane fabrication process. The polymer precursor is heated to the desired end

temperature in a controlled atmosphere at a specific heating rate, originating an
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amorphous carbon membrane with a very narrow porosity that is responsible for the
molecular sieve properties of the carbon membrane. Carbonization temperature lies
between the decomposition temperature of the carbonaceous precursor and its
graphitization temperature. The optimum carbonization temperature depends strongly
on the type of the precursor. The choice of a suitable precursor is fundamental to
guarantee the production of defect-free CMSM and it should withstand high
temperature treatment without much shrinkage, should be thermosetting to avoid
melting or softening during any stage of the carbonization process besides having a
high carbon yield. Appropriate polymeric precursors include cellulose and derivatives
thereof, polyfurfuryl alcohol, polyamides, polyimides, phenolic resins, acrylics, and the
like. Other precursor materials may be useful for the preparation of carbon

membranes and therefore the mentioned suitable precursors are not limiting.

[0054] CMSM suffer often quite fast oxidation in contact with ambient air and easily
loses permeability (it may decrease orders of magnitude) due to water or other vapors
adsorption as molecular clusters. Normally, the water vapor adsorption isotherm
displays a S-shape behavior. This shape is related to the hydrophobic nature of the
CMSM,; for RH lower than ca. 30 %, the water molecules adsorb in hydrophilic sites and
desorb permeating the membrane. However, above this humidity a catastrophic
adsorption behavior is normally observed. Water molecules still adsorb in hydrophilic
sites, but since the vapor concentration is high enough, other water molecules
successively establish H-bonding until a m size cluster is reached. This behavior ends
with a steep increase in the adsorbed water molecules and in pore blockage. Indeed,
the resulting water clusters gain enough dispersion energy to detach from the
hydrophilic site and move over the hydrophobic path towards pore constrictions,
blocking them. Also, when CMSM are exposed to air, even at room temperature,
oxygen atoms from air combine with some active sites forming oxygen surface groups

that reduce the open porosity and increase the surface hydrophilicity.

[0055] To overcome the water vapor blockage problem and age-free behavior, the
carbonized precursor shall have a hydrophilic character. Cellophane material was

found to originate CMSM that meet these requirements. Cellophane is a natural
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polymer of glucose, 100 % biodegradable and inexpensive, produced from wood
cellulose by the viscose process. CMSM made from cellophane paper show hydrophilic
sites homogeneously distributed in its inner surfaces that allow water molecules to
jump smoothly between sites avoiding the formation of water clusters. These
hydrophilic sites are made of metallic and semi-metallic elements that incorporated
during the polymeric film production, namely ionic sodium and silica nanoparticles,
and oxygen functional groups such as hydroxyl, carbonyl, ether, esther and carboxylic.
CMS membranes carbonized from cellophane under optimized conditions show a
linear or quasi-linear water vapor adsorption isotherm. This linear isotherm is
characteristic of an adsorbent displaying hydrophilic sites homogeneously distributed.
In the present subject-matter, permeation studies demonstrated that up saturation,
humidity does not affect membrane ability to permeate and separate gases.
Moreover, these membranes show no noticeable oxygen chemisorption after a

conventional treatment with propylene.

[0056] Carbonization operating conditions have a significant impact on the final
properties of carbon membrane. Generally, an increase in the carbonization end
temperature results in a decrease in the gas permeability and an increase in the ideal
selectivity; the same is valid for higher soaking times but its effect is much more
moderate. Carbonization under vacuum commonly originates more selective and less
permeable CMSM when compared to a carbonization under an inert atmosphere. The
carbonization history controls then the pore size distribution but also the surface
chemistry. For controlling these two characteristics independently it is necessary to
have two independent factors. In the present disclosure, CMSM with different pore
size distributions are obtained even if produced with the same carbonization history by
varying the cellulose concentration in the cellophane precursor film. Moreover,
plasticizers, which are incorporated during the cellophane film production to avoid the
precursor embrittlement, similarly display a relevant role in the CMSM performance:
they are also able to tailor the pore size distribution of the carbon membranes
independently of the carbonization end temperature besides improving the

mechanical flexibility of the final carbon film/hollow fiber.
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[0057] In the present disclosure, surface chemistry studies demonstrate that the final
carbonization temperature controls also the membrane surface chemistry.
Carbonization is preferably carried out under an inert atmosphere, e.g. of nitrogen.
The end carbonization temperature ranges between 400 °C and 900°C, preferably
between 500 °C and 600 °C. The heating rate should be between 0.1 °C:min™ and
10°C-min, preferably between 0.5 °C and 5 °C-min! and more preferably 1 °C-min..
During the heating protocol various dwells are applied; these dwells are chosen
according to the obtained thermogravimetric results, i.e. where the first derivative of
mass loss shows a significant negative peak a dwell is applied. The first dwell, at ca.
110 °C, is very important for drying the membrane precursor and avoid the formation
of cracks or defects in the carbon matrix and the subsequent dwells are needed to fine
the pore size distribution. Dwells may be avoidable if heating rates are kept low. Once
the end temperature is reached, the membranes are allowed to cool until room

temperature before being removed from the furnace.

[0058] Carbon membranes can be divided in supported and unsupported.
Unsupported membranes can be hollow fibers, flat membranes or capillary and
supported membranes can be flat or tubular. The present carbon membranes can take

any of these forms but are preferably unsupported or supported hollow fibers.

[0059] The disclosed CMSM are advantageous for industrial applications such as
separation of nitrogen and oxygen from air, separation of hydrogen from syngas,
removal of CO; from the natural gas wells, recover of hydrogen from natural gas, CO»
separation from flue gas, air dehumidification, natural gas dehydration, helium

recovery/separation, ethene/ethane and xenon separation from gas mixtures.

[0060] The invention will now be further described with reference to the following

Examples, which are considered to be illustrative only, and non-limiting.
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EXAMPLE 1

Extremely high performance CMSM for humidified O»/N2 separation

[0061] Cellophane paper with c.a. 20 um thickness produced by the viscose process
and containing 6.2 wt.% of moisture, 13.2 wt.% of plasticizers (glycerol and urea), 1.05

wt.% of sodium sulphate and 80.6 wt.% of cellulose was used as precursor.

[0062] Previous to the carbonization step, the precursor film was cut in disks with 48
mm in diameter. The carbonization of the cellophane films was accomplished in a
quartz tube (80 mm in diameter and 1.5 m in length) inside a tubular horizontal

Termolab TH furnace.

[0063] The basic protocol had an end temperature ranging between 500 °C and 900 °C,
preferably between 525 °C and 575 °C, and more preferably 550 °C, without soaking
time, a nitrogen flow rate ranging between 100-200 ml min! and a slow heating rate
with some dwells to avoid a quick release of residual solvents and volatile matter that
could damage the carbon matrix. The protocol is pictured in FIG.1. After the end
temperature was reached, the system was allowed to cool naturally until room

temperature and the carbon membranes were removed from the tubular furnace.

[0064] Micrographs of the produced carbon molecular sieve membranes were taken
by scanning electron microscopy (SEM). FIG.2 presents the surface and cross-sectional
views of an obtained CMSM; clusters of microspheres are observed. These
microspheres are related to cellulose hydrothermal carbonization that happens at
around 220 °C and originates more stable oxygen groups in the core (ether, quinone
and pyrrone) and more hydrophilic oxygen groups in the shell (hydroxyl, carbonyl,
carboxylic and esther).

To perform the permeation experiments, the carbon membranes were glued to steel
o-rings. Epoxy glue (Araldite” Standard) was also applied along the interface of the
steel o-ring and the carbon membrane. A sintered metal disc covered with a filter
paper was used as support for the film in the test cell. Single gases were tested at 25

°C, feed pressure of 1 bar and vacuum at the permeate side. The tests were performed



WO 2017/068517 PCT/IB2016/056295

13

in a standard pressure-rise setup with LabView® data logging. The system included the
membrane module connected to a vessel with a calibrated volume at the permeate
side and connected also to a gas cylinder at the feed side. The feed gas could either be
used dry or passed through a bubbler with distilled water prior to the membrane
module. The relative humidity was checked with a RH meter at an exit port. The

permeability,#, of the CMSM towards to pure component ¢ was determined as

described by the following equation:

(1)

where Fiux, is the flux of the speciesi, &7, the partial pressure difference of species ¢

across the membrane and & the membrane thickness.

[0065] The ratio of two gases permeability coefficients is termed permselectivity

(often designated as ideal selectivity):

[0066] Table 1 shows the permeation results for the produced CMSM when exposed

to different levels of relative humidity for several hours.

TABLE 1
Pre-Exposure Post-Exposure | Pre-Exposure Post- Pre- Post-
RH (07} 02 N2 Exposure N2 exposure exposure
CMSM
Exposure | permeability permeability permeability | permeability 02/N2 02/N2
(Barrer) (Barrer) (Barrer) (Barrer) Selectivity | Selectivity
CMSM 75-77 % 1.33 3.30 0.07 0.08 19.0 41.2
550

[0067] After CMSM contacting with a humidified oxygen stream (RH humidity relative-
of 75-77 %), the overall permeability increased ca. 2.5 times (the permeability to

oxygen stays roughly constant) and O2/N; ideal selectivity increase from 19.0 to 41.2.
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[0068] Carbon materials are generally poorly wetted by water presenting large contact
angles. Contact angles measurements were performed in a surface energy evaluation
system (DataPhysics OCA-Series) using the sessile drop method and water, ethylene
glycol and n-hexadecane as probe liquids. A needle connected to a microsyringe was
used to place the liquid drops on the surfaces. For each drop 150 points were
collected. Table 2 shows the measured contact angles for a carbon molecular sieve

membrane produced at 550 °C.

TABLE 2
Measured Contact Angles (deg)
Sample
Water Ethylene glycol n-Hexadecane
CMSM 550 17.7£0.9 13.9+3.3 0.0+0.0

[0069] The prepared CMSM 550 sample shows the highest hydrophilic character

displaying a small contact angle.

[0070] The adsorption and desorption equilibrium isotherms of water vapor were
obtained for the produced carbon molecular sieve membranes by the gravimetric
method using a suspension magnetic balance from Rubotherm® at 25 °C. The sample
was fragmented into flakes in order to fill the weighting basket. FIG. 3 shows the
experimental values as a function of relative pressure, considering 32 mbar the water
vapor at 25 °C. The experimental adsorption/desorption branches are well described
by a quasi-linear isotherm. The significant amount at very low relative pressures
confirms the hydrophilic character of the developed carbon molecular sieve

membranes.

[0071] The pore size distribution and the porosity volume were obtained for carbon
molecular sieve membranes based on the adsorption equilibrium isotherm of CO, at 0
°C using a suspension magnetic balance from Rubotherm®. To perform the

experiments the sample was also fragmented into flakes. FIG. 4 shows the obtained
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pore size distribution and Table 3 the micropore volume, the mean pore width and the

characteristic energy for adsorption.

TABLE 3
Parameter CMSM 550
Micropore volume {cm?3 kg™?) 274.2
Mean pore width (nm) 0.435
Characteristic energy (k) mol™) 10.92

[0072] In an embodiment, CMSM 550 presents larger pores of 0.5-0.8 nm known as
micropores (responsible for surface diffusion mechanism) interconnected to
ultramicropores of 0.3-0.5 nm responsible for the molecular sieving properties of

carbon membranes.

EXAMPLE 2
Extremely high performance CMSM for dry O»/N; separation

[0073] Carbon molecular sieve membranes are prepared from cellophane according to
Example 1, varying the carbonization end temperature between 575 °C and 625 °C,
more preferably 600 °C. Table 4 shows the oxygen and nitrogen permeation results for

the produced CMSM.

TABLE 4
sample Nitrogen Permeability Oxygen Permeability 0./N; ideal
(Barrer) (Barrer) selectivity
CMSM 600 <0.001 0.78 >800

[0074] The produced CMSM showed to be very selective to 02/N; (ideal selectivity >

800) separation.
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EXAMPLE 3

Other gas separations

[0075] Carbon molecular sieve membranes are prepared from cellophane precursor
according to Example 1, varying the carbonization end temperature between 400 °C
and 600 °C. Table 5 and 6 show the obtained permeabilities and ideal selectivities for
several dry gases using CMSM produced at different carbonization end temperatures,

respectively.

TABLE 5

Permeability (Barrer)
CMSM

N2 02 He H2 CO2 CHq H20 CsHe C3Hs

CMSM 400 0.07 0.73 5.43 8.35 3.39 0.008 121 n.d* n.d*
CMSM 500 0.06 0.95 10.24 18.94 8.21 n.d* 16.0 n.d* n.d*
CMSM 550 0.07 1.33 17.26 32.59 13.0 0.01 28.5 0.056  0.035
CMSM 600 <0.001 0.78 11.78 24.90 2.57 <<0.001 25.1 0.065 0.025

n.d* = not determined

TABLE 6
Ideal Selectivity
CMSM
02/N2 H2/N2 H2/CHa CO2/N2  CO2/CHa He/N: H2/0; C3He/CsHs

CMSM 400 10.4 119.3 1044 48.4 423.8 77.57 11.4 n.d*
CMSM 500 15.8 315.7 n.d* 136.8 n.d* 170.7 19.9 n.d*
CMSM 550 19.0 465.6 3259 185.7 1300 246.6 24.5 1.6
CMSM 600 >800 >25000 >>25000 >2600 >>2600 >1200 44.5 2.6

n.d* = not determined

[0076] The results show that increasing the carbonization end temperature results in

an increase in the carbon molecular sieve membrane selectivity.
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[0077] The upper bound relationship for membrane gas separations correlates the log
of the selectivity versus the log of the permeability of the more permeable gas for the
best performing polymer membranes and it was devised by Robeson [9]. FIG.5 shows
the permeation results of O; and N3 in carbon membranes carbonized at 500 °C, 550 °C
and 600 °C end temperatures and the upper bound limit. This figure illustrates that the
CMSM prepared have a separation performance well above the referred upper bound

limit.

[0078] The separation performance is extremely high, particularly for the carbon
molecular sieve membrane produced at 600 °C. However, the CsHe/CsHs ideal
selectivity is extremely low when compared to other values reported in literature.
After a brief research in the literature, it was perceived that when carbon molecular
sieves shows high O,/N; ideal selectivities, low CsHe/CsHs ideal selectivities are then
obtained and vice-versa (Table 7). This indicated the existence of two different sieving
mechanisms for carbon molecular sieves: a gate sieving (for CMS with rounded shape
pores) and a tunnel sieving (for CMS with needle shape pores). Figure 6 shows HRTEM
pictures of a carbon molecular sieve membrane presenting a pore morphology of a
gate sieving mechanism (Figure 6a) and a carbon molecular sieve membrane with a

tunnel sieving mechanism (Figure 6b).

TABLE 7
Sample C3He/C3Hs 02/N,
ideal selectivity ideal selectivity
CMSM 550 1.6 19
CMSM 600 2.6 >800
CMSM [ as described in reference 10] 14.6 5.4
CMSM [ as described in reference 11] 5.8 37.8
CMSM [ as described in reference 12] 5.1 38

CMSM [as described in reference 13] 13 3.3
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[0079] Contact angles measurements were performed in the different carbon
molecular sieve membranes according to Example 1. Table 8 shows the measured

contact angles for the different membranes.

TABLE 8
Measured Contact Angles (deg)
Sample
Water Ethylene glycol n-Hexadecane
CMSM 400 575123 28.5+5.9 0.0+0.0
CMSM 500 323146 249+3.1 0.0£0.0
CMSM 550 17.7£0.9 13.9+£3.3 0.0£0.0
CMSM 600 20.2+0.8 13.9+£3.3 0.0£0.0

[0080] The results show that with increasing the carbonization end temperature the
produced carbon molecular sieve membranes become more hydrophilic until reaching

a maximum at ca. 550 °C.

[0081] Temperature-programmed desorption (TPD) provides information on the
surface functional groups on carbon materials. Surface complexes on carbon materials
decompose upon heating by releasing CO and CO; at different temperatures. The
nature of the groups can be assessed by the decomposition temperature and the gas

released.

[0082] TPD experiments were carried out in a U-shaped quartz tube located inside an
electrical furnace and connected to a Dycor Dymaxion Mass Spectrometer (Ametek
Process Instruments). The samples (0.1 g) were heated to 1100 °C at 5 °C min™! using a
constant He flow rate of 25 ml min. FIG. 7 shows the TPD profiles of the carbon
molecular sieve membranes produced at 400 °C and 550 °C comparing with a hollow

fiber membrane produced by Carbon Membranes Ltd.
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[0083] The results show that the TPD spectra of CMSM 400 and CMSM 550 prepared
from the same precursor film are quite distinct. For CMSM 400 sample, both CO and
CO; peaks originate from the decomposition of carboxylic anhydrides. For CMSM 550
sample, the first CO; peak may be attributed to lactone groups and the higher
temperature CO; peak may be result from carboxylic anhydrides. Considering the CO
profile, this sample produced at 550 °C shows a first maximum around 650 °C related
to carboxylic anhydrides. The second maximum appears at around 780 °C, which
originates from quinone groups. Regarding the hollow fibers produced by Carbon
Membranes Ltd, some different oxygen surface functional groups were found when
compared to the obtained CMSM 550, namely phenol and carboxylic groups.
Considering the CO; profile, lactone and carboxylic groups were identified. Phenol and
quinone groups yield CO. Both CO and CO; originate a peak related to decomposition

of carboxylic anhydrides.

[0084] One of the major limitations of carbon molecular sieve membranes is their
brittleness which makes their manipulation and assembly into the functional modules
very difficult. Although the flexibility of the produced cellophane-based CMSM of the
present disclosure tended to decrease as the carbonization end temperature increase,
all the prepared membranes are very flexible and could be bent as shown in Figure 8.
When a cellophane-based CMSM of the present disclosure is bent, the minimal
distance until fracture is c.a. 3 mm (obtained value for a carbon molecular sieve

membrane prepared at 550 °C).

[0085] The term "comprising" whenever used in this document is intended to indicate
the presence of stated features, integers, steps, components, but not to preclude the
presence or addition of one or more other features, integers, steps, components or

groups thereof.

[0086] All references recited in this document are incorporated herein in their entirety
by reference, as if each and every reference had been incorporated by reference

individually.
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[0087] Where ranges are given, endpoints are included. Furthermore, it is to be
understood that unless otherwise indicated or otherwise evident from the context
and/or the understanding of one of ordinary skill in the art, values that are expressed
as ranges can assume any specific value within the stated ranges in different
embodiments of the invention, to the tenth of the unit of the lower limit of the range,
unless the context clearly dictates otherwise. It is also to be understood that unless
otherwise indicated or otherwise evident from the context and/or the understanding
of one of ordinary skill in the art, values expressed as ranges can assume any subrange
within the given range, wherein the endpoints of the subrange are expressed to the

same degree of accuracy as the tenth of the unit of the lower limit of the range.

[0088] The disclosure should not be seen in any way restricted to the embodiments
described and a person with ordinary skill in the art will foresee many possibilities to

modifications thereof.

[0089] Where ranges are given, any value within the range may explicitly be excluded
from any one or more of the claims. Any embodiment, element, feature, application,
or aspect of the compositions and/or methods of the invention, can be excluded from

any one or more claims.

[0090] The present disclosure should not be seen in any way restricted to the
embodiments described and a person with ordinary skill in the art will foresee many

possibilities to modifications thereof.

[0091] The above described embodiments are combinable. The following claims

further set out particular embodiments of the disclosure.

[0092] All references recited in this document are incorporated herein in their entirety
by reference, as if each and every reference had been incorporated by reference

individually.
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CLAIMS

1. Carbon molecular sieve membrane obtained by carbonization of a carbonaceous
polymer precursor having hydrophilic surface elements with a predetermined

heating protocol up to a predetermined end carbonization temperature.

2. Membrane according to the previous claim wherein the polymer precursor is

cellophane.

3. Membrane according to the previous claims wherein the hydrophilic surface

elements are metallic and semi-metallic elements and oxygen functional groups.

4. Membrane according to the previous claims wherein the metallic elements are
select of a list consisting of: lithium, sodium, potassium, magnesium, cupper,

silicon, nickel, iron, calcium, barium and their oxides.

5. Membrane according to the previous claims wherein the oxygen functional groups

comprise hydroxyl, carbonyl, ether, esther and carboxylic.

6. Membrane according to the previous claims wherein the said carbon molecular
sieve membrane is age free after exposed to a humidified stream comprising at

least 50 % relative humidity (RH) - at 25 °C and 1 bar.

7. Membrane according to the previous claim wherein the said carbon molecular
sieve membrane the said carbon molecular sieve membrane is age free after
exposed to a humidified stream comprising at least 80 % relative humidity (RH) -

at 25 °Cand 1 bar.

8. Membrane according to the previous claims comprising large pores between 0.5-

0.8 nm interconnected to pores between 0.3-0.5 nm.
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11.

12.

13.

14.

15.

16.

17.

23

Membrane according to the previous claims wherein the end carbonization

temperature is between 500-625 °C.

Membrane according to the previous claim wherein the end carbonization

temperature is between 525-600 °C.

Membrane according to the previous claim wherein the end carbonization

temperature is between 500-575 °C.

Membrane according to any of the previous claims wherein the carbonization of

the cellophane film has a heating rate between 0.1-10 C-min-1.

Membrane according to any of the previous claims wherein the carbonization of
the cellophane film has a heating rate between 0.5-5°C-min-1, preferably 1 °C-min-

1.

Membrane according to any of the previous claims wherein the carbonization of
the cellophane film has one or more dwells, in particular comprising a first dwell at

110 °C.

Membrane according to the previous claims wherein the cellophane film is

obtained by the viscose process.

Membrane according to the previous claims wherein the membrane thickness

varies between 1-10 um.

Membrane according to the previous claims further comprising a support
reinforced with inorganic particles, wherein the support comprises the same
shrinkage ratio during the carbonization step compared with the carbon molecular

sieve membrane.
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18. Membrane according to the previous claim wherein inorganic particles of the

support are boehmite and/or glass micro fibers.

19. Hollow fiber carbon comprising the carbon membrane described in any of the

previous claims, wherein the membrane comprises a thickness between 1 - 10

pm.

20. Use of the carbon molecular sieve membrane described in any of the previous

21.

22.

23.

claims in a humidified gas streams comprising a constant gas permeation up to 80

% of relative humidity.

Use of the carbon molecular sieve membrane according to the previous claim for
the gas separation of the following mixtures: air dehumidification, nitrogen and
oxygen from air, natural gas dehydration, separation of hydrogen from syngas,
removal of CO2 from the natural gas wells, recover of hydrogen from natural gas,
CO2 separation from flue gas, helium recovery/separation, ethene/ethane or

xenon separation from gas mixtures.

Method to obtain a carbon molecular sieve membrane described in any of the
previous claims comprising:

providing a cellophane precursor produced by the viscose process, comprising
hydrophilic surface elements wherein the hydrophilic surface elements are
metallic and semi-metallic and oxygen functional groups;

carbonizing the precursor with a predetermined heating protocol up to a
predetermined end carbonization temperature, wherein the end carbonization

temperature is between 500-625 °C.

Method according to the previous claim wherein the end temperature is between

525-575 °C, preferably 550 °C.
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25.

26.

27.

28.

29.

25

Method according to any of claims 22-23, wherein the carbonization of the
cellophane film has a heating rate between heating rate 0.1-10 C-min-1, preferably

0.5-5, more preferably 1 °C-min-1.

Method according to any of claims 22-24, wherein the carbonization of the
cellophane precursor is in a controlled atmosphere, preferably of nitrogen or

vacuum atmosphere.

Method according to any of claims 22-25, wherein the carbonization of the
cellophane precursor is in an atmosphere comprising a nitrogen flow rate ranging

between 100-200 ml| mint.

Method according to any of claims 22-26 ,wherein the cellophane precursor
obtained by the viscose process comprises 5-10 wt.% of moisture, 0-15 wt.% of

plasticizers, 0.5-2 wt.% of sodium sulphate and 80-90 wt.% of cellulose.

Method according to claims 22-27, wherein the plasticizer is between 5-15 wt.%.

Method according to claims 23-29, wherein the plasticizers is select from a list

consisting of: glycerol, PEG, monopropylene glycol, urea, and mixtures thereof.
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