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Introduction

Introduction

In the past century, due to a fast worldwide development of industrial production, an
intensive exploitation of Earth resources took place, especially in terms of raw
materials consumption and environmental pollution. Starting from the 21 century,
the climate changes, the rise of new developing countries, the elongation of life
expectation and the increase of world population stressed out that the old growth
concept was not pursuable anymore, and it was unquestionably necessary to adopt a
new model of development with a strong focus on sustainability [1]. Hence, one of
the biggest challenges currently facing the world is the elaboration of a shared
strategy to support a sustainable industrial growth [2].

In process engineering field, a fundamental importance is attributed to the so called
"Process Intensification" strategy, whose purpose is the improvement of the
manufacturing and processing steps towards final products through the minimization
of the equipment volume, the energy consumption, the waste production and the
environmental impact [3,4].

Membrane-based technology falls excellently within Process Intensification
strategies, since membrane units have a smaller ecological footprint compared to
traditional plants of corresponding capacity and have the potential to replace
partially or completely most of them [5]. Membrane engineering provided already
interesting solutions, currently applied at industrial scale, such as reverse osmosis
membranes for water desalination, microfiltration and ultrafiltration modules for
pharmaceutical industries and barrier materials for food packaging [6].

The appeal of gas separation membranes at the industrial level is constantly growing,
thanks to their competitiveness compared to traditional separation processes [7-9].
Even though membrane technology potentialities were known long before 1980, only
in the past three decades their attractiveness started to growth at the industrial level,
becoming a $150 million/year market at the beginning of the year 2000 with an
expected 5 folds increase by 2020 [10]. The principal applications in this field are

related to the separation of incondensable species. Besides nitrogen removal from
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Introduction

air, the CO, purification represents the largest area of membrane development:
natural gas sweetening [9], post-combustion products purifications [7], refinement of
gaseous fuels from biological production [11] and hydrogen recovery from water gas
shift reactors [12], are only some of the possible applications exploiting membrane-
based technologies for CO, separation.

Recently, the focus of research has concentrated on the development of new high
performing materials able to make the technology suitable for a wide range of
applications and to increase the economic convenience of the separation process.
Among the novel materials for CO, separation, polyimides represent one of the most
promising one, thanks to their high selectivity coupled with good thermal and
mechanical stability [9]. Other interesting classes of polymers are represented by
PIMs (polymer with intrinsic microporosity), which are dense selective layer with
molecular sieving features able to guarantee high trans membrane flux [13] and
thermally rearranged (TR) polymers, obtained through a thermally induced
rearrangement of polymeric chains [14] able to achieve high CO, permeability and
good separation performance. Furthermore, the transport properties of polymers can
be tuned also by embedding nanofillers within the polymer matrix (so called Mixed
Matrix Membranes, MMMs), which are usually able to achieve an appreciable
transport rate enhancement with negligible effect on separation factor. Remarkable
results have been obtained by using fillers with particular CO, affinity, such as metal
organic framework (MOFs) [15], zeolites [16] or cyclodextrin [17]. In the end, also
groups with a specific CO, reactivity could be included within the polymeric matrix,
achieving excellent separation performances both in terms of permeability and
selectivity [18,19].

However, although the performance achieved under "ideal conditions" in the lab
scale (i.e. low pressure, pure gas permeation experiments) are excellent, issues
frequently arise for the scaling-up of the process in real industrial conditions, such as
plasticization, aging and competitive sorption [20,21], which can be related to the
presence of binary or ternary gas mixtures. In addition, also the presence of
impurities and contaminants may create troubles for membrane separation

technology [22,23]. Therefore, the investigation of material transport properties in
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the presence of minor compounds (e.g. water, hydrogen sulphide, small
hydrocarbons), and on a long time scale have to be carried out for a reliable and
complete material description. A lack of an adequate knowledge of these phenomena
can indeed jeopardize the future scale-up of this technology.

In the present thesis work, two different types of membranes will be considered and
studied as suitable materials for CO, separation: a commercial polyimide, namely
Matrimid® 5218, whose separation mechanism is based on solution diffusion theory,
and a polyamines (PAm) based mixed matrix membranes containing multi-walled
nanotubes, which exploit the facilitated transport mechanism to separate CO, from
the other compounds present in the feed gas composition.

The influence of thermal treatment, physical aging and presence of water vapor on
the gas transport properties of the polyimide material will be investigated. In
particular, Matrimid self standing samples will undergo a different thermal treatment
and the transport properties will be examined by means of permeability
measurements in a pure gas permeation apparatus, using CO, and CH4 as gaseous
penetrants. Afterwards, the performance stability of samples with different thermal
histories will be monitored for a period of 6 months, in order to investigate the effect
of the aging phenomenon on the polymeric matrix.

The treatment protocol able to give the best performance in terms of separation and
stability, will then be employed to study the effect of water vapor on gas permeation,
by means of a humid permeometer apparatus. Four gaseous species, with different
features, will be used to characterize the material transport properties in wide activity
range (0 - 0.75) and under different thermal conditions. At the same time, pure water
vapor sorption experiments will be carried out, allowing a direct correlation between
the measured permeability and the water concentration within the membrane matrix.
Based on the observed results, a novel modeling approach will be proposed to
enlighten the transport mechanisms involved for the considered conditions.

On the other side, facilitated transport membranes will be synthesized and their
transport properties will be studied for high pressure separation application, in
particular for natural gas sweetening. Different polyamines will be used in the

membrane synthesis together with a PVA-base network acting as barrier substrate.
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Moreover, multi walled carbon nanotubes (MWNTs) will be embedded in the matrix,
in order to avoid mechanical stability issues, frequently suffered by these membranes
under high pressure conditions. The transport properties will be characterized up to
28 atm and the influence of several parameters (inorganic loading, water content in
the gaseous stream, operative temperature and selective layer thickness) will be
investigated in order to find the optimal conditions able to maximize the separation

performances.
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1. Membranes for CO, separation

In view of global warming and climate changes related to the greenhouse effects,
CO; capture and storage is nowadays of fundamental importance, and membranes
offer a valid solution for a wide variety of mitigation actions. The CO, removal can
be performed mainly in two different steps of the productive process. In pre-
combustion separation, the acid compounds are removed from the gaseous stream,
such as from the conversion products of fossil fuel into CO, and H;, (e.g. steam
reforming followed by water-gas shift reaction), natural gas extraction and biological
energy production. The treatment helps also to increase the fuel heating value and it
is necessary to meet the specifications to avoid pipelines corrosions [4,24].
Furthermore, post-combustion separation is fundamental to avoid large releases of
greenhouse gases in the atmosphere, as the flue gas is mainly composed by CO, and

N,, coming from the air used on the combustion stage [25].
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Figure 1.1 - Comparison between membrane and amine absorption processes for CO,
removal as a function of the CO, concentration and the gas flow rate (from Ref. [9]).
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Even though solvent absorption (amine or carbonate compounds) is still the main
separation technology applied for purification of gaseous stream coming from large
productive plants, membranes modules competes strongly with them in a wide range
of operative conditions and are commonly preferred to satisfy logistic constrains, e.g.
offshore installations, or when reduced size are required. As showed in Figure 1.1,
membranes are preferable in case of high CO, concentration, able to ensure a
sufficient driving force, and for rather low flow rate, in order to limit the surface area
required to meet the separation goal, hence maintaining the economical convenience
of the process.

Membrane-based gas separation is a chemical potential driven transport process and
is usually performed through dense selective layers, which can separate different
gaseous species, thanks to their structural or thermodynamic properties. In Figure

1.2, a schematic representation of the transport across a selective layer is reported.
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Figure 1.2 - Permeation process scheme in a selective layer (re-adapted from [26])

Among the intrinsic parameters, experimentally determined and useful for material

characterization, gas permeability is the fundamental one. Theoretically, it is
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described as the amount of gas permeating across the polymeric layer per unit time

and unit area scaled on the pressure drop and the membrane thickness:

J. -5

=0
D; _pid

(1.1)
where J; is the gas flux per unit area of the i species, J is the membrane thickness and
pi, p are the partial pressure of component i on the upstream and downstream side
of the membrane respectively.

Permeability can be expressed by several units, but the most common one is the

Barrer, defined as:

STP)-cm

3
| Barrer =107 cmz( 33641070 0L (1.2)

cm” -cmHg - s m-s-Pa
Another important parameter is the permeance, frequently used as reference to fix
separation targets for real applications or to compare membranes with other
separation technologies. It is defined as the ratio between the permeability and the

selective layer thickness and usually measured in GPU (gas permeation unit):

3
c;n (STP) _33.10" mol

1GPU =10"° 5
cm”-cmHg -s m”-s-Pa

(1.3)

Conceptually, several theoretical formalisms have been proposed to describe the
diffusion of small molecules across a dense polymeric layer, and likely the most
accurate one is the Free Volume Theory (FVT) [27], whose exhaustive walk-through
will be given in Chapter 5. Theoretically, molecules motion through the membrane
can be described as a jumping mechanism and depends on the free volume (7)) of the
polymer as well as on the available energy, necessary to overcome the polymer-
polymer interaction forces. Hence, the permeation of low molecular weight
penetrants can be viewed as a temperature activated process, involving local motions
of chains segments, schematically reported in Figure 1.3, which temporarily permits

the opening of narrow constriction separating volume elements.
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Polymer chain

Dissolved gas molecule

Figure 1.3- Schematic representation of small molecules motion across a membrane

Based on the previous consideration, the permeability coefficient tends to increase
along with the fractional free volume (FFV =V, / V.,V is the polymer specific

volume), and their relationship is expressed by means of an exponential equation:

B
P =A4 -exp| ——— 1.4
a2 0

where 4; and B; are constant parameters characteristic for the polymer-penetrant pair.

In this view, the operative temperature plays a key role in the permeation process,
affecting the membrane performance. The behavior is usually represented through

the Arrhenius equation [28]:

EP,i
F=F, 'eXP(— ﬁj (1.5)
where Ep; 1s the activation energy of permeation, P,y is a pre-exponential factor, R is
the ideal gas constant and 7 is the absolute temperature.

Increasing the degree of detail in the description, the transport of molecules across a
dense selective layer can be represented by the well-known solution diffusion
mechanism [5]. Conceptually, the gas molecules permeation may be described in
three steps: at first, the penetrant is absorbed in the upstream gas-membrane
interface, then it diffuses across the polymer layer and finally it is desorbed on the
downstream side. Considering the sorption and desorption step at the equilibrium and
expressing the diffusion coefficient with Fick's law, the penetrant flux can be written

as:
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Ji:Di'Si'% (1.6)

where A4p; is the partial pressure difference of component i across the membrane, D;

is the diffusion coefficient and S; is the solubility coefficient, expressed as AC,/Ap,,

where 4C; is the concentration jump between the two gas-membrane interfaces (see

Chapter 2 for the exhaustive description). The permeability can thus be expressed as:
P=D,-S, (1.7)

Solubility expresses the thermodynamic partitioning coefficient, which depends
mainly on temperature and penetrant condensability, whereas diffusivity is related to
the kinetic properties of the polymer-penetrant system, function of temperature, size
and shape of the molecules and volume available for penetrant diffusion in the
polymeric matrix. The temperature influence on both coefficients can be expressed

with a similar exponential equation, already reported for permeability (Eq. 1.5):

E .
D, =D, -exp| — —= (1.8)
’ RT
AH .
S, =Si0-exp(— Sﬂj (1.9)
’ RT

where Ep; is the activation energy of the diffusion process, 4Hs; is the heat of
sorption and D;y and S,y are T independent pre-exponential factors. In this view,
Equation 1.5 may be decoupled into two contributions and Ep; can thus be expressed
as the sum of the enthalpy of solution (4Hg;) and the energy required for gas
molecule to jump from an available site to another (Ep ).

The other important parameter is the separation factor, which determines at which
extent the separation is performed. In particular, considering two gaseous species, i

and j, the membrane selectivity is defined through the following equation [5]:

Wy
il

(1.10)

i,j
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where y is the molar fraction of species i and j for the downstream (d) and the
upstream (u) side of the membrane. Usually, this parameter depends on the particular
process and the molar fraction must be experimentally detected. Nevertheless, if the
downstream pressure approaches zero, the selectivity can be considered a
characteristics of the ternary system represented by the polymeric matrix and the

dissolved penetrants. In this fashion the previous equation can be written as [29]:

Vv 1 B pl-p! P
ai,j_ u v u? u d~?
yi/yj yi/yj ;PP J

(1.11)

where P; and P; are the permeability of the two gaseous species, as calculated from
mixed gas permeation experiments. If pure gas permeability is considered respect to

the mixed one, the so called "ideal" selectivity can be defined:

P

id __ 7 i,pure
ij " p
J.pure

(1.12)

This parameter gives only a rough estimation of the real selectivity, since the
simultaneous presence of different penetrants can lead to unpredictable effects on the
permeation process, such as competitive sorption or penetrant-induced swelling of
the membrane matrix, due to the mutual interactions between the gaseous species and

the single gas with the polymer structure.

Based on solution diffusion theory, also the selectivity can be decoupled in two

different contributions:

a _E_D5 a,-a (1.13)
i,j__:__: p Uy :
P, DS,

where a,, is the diffusivity contribution to the selectivity, being thus related to kinetic
parameters, whereas o expresses the solubility influence on the separation factor,

hence related to thermodynamic features.
Through the comparison of permeability and selectivity values for different glassy
and rubbery polymer, whose separation properties are based on the solution diffusion

mechanism, Robeson in 1991 [30] obtained one of the most helpful tool to judge the

10
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membrane performance, the well-know Robeson Plot. In Figure 1.4 the plot is
reported for CO,/CH,4 separation and the black dotted lines correspond to the
Robeson upper bounds, the state-of-the-art for the particular separation in membrane
science at the time of the publications (1991 and 2008). Shifting the membrane
results towards the upper limit corresponds to an improvement of the separation
performance. Similarly, a linear relation has been obtained also for other gas pairs
(CO2/N;, Hy/CO,, Oy/N; and others [31]) when the selectivity was plotted together
with the permeability of the more permeable penetrant. The shape of the found
correlations points out the presence of a trade-off: an increase of P; usually
corresponds to the decrease of a;; and vice versa, so that the more permeable
polymers usually show the lower selectivity values. Moving towards the upper right

corner of the plot represents thus the biggest challenge for solution diffusion based

membranes.
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Figure 1.4 - Robeson Plot for CO,/CH, separation [9]

Through the analysis of literature data obtained for different gas-polymer systems, a

correlation has been found between the polymer transport properties and the kinetic

11



Chapter 1

and thermodynamic characteristics of the penetrant. In particular, it has been
observed that the diffusion coefficient scales accurately with the penetrant kinetic
diameter, whereas the solubility correlates properly with the gas condensability,
related to its critical temperature. Table 1.1 summarizes the values of these
properties for the gaseous species investigated in the present thesis. Combining this
information with the concept described by Equation 1.13, it is easy to understand that
CO,/H; separation is rather difficult to achieve for membranes. Indeed, thanks to the

small kinetic diameter H, diffuses faster than CO,, resulting in a ap, < 1, but at the

same time, due to the higher critical temperature, i.e. condensability, CO; is absorbed

preferentially in the membrane matrix, giving ag> 1. The overall selectivity is given

by the relative amount of each term, however the competitive behavior of the two
parameters disadvantages the achievement of good separation performance. On the
other side, membranes can accomplish very good results for CO,/CH4 or CO,/N,
separation, since the solubility-selectivity and the diffusivity-selectivity result
simultaneously higher than 1, thanks to the smaller kinetic diameter and the higher

condensability of CO, compared with the other gases.

‘He H20 Hz C02 Nz CH4
& (A) [30,32] ‘2.60 265 2.89 330 3.65 3.80

‘He H, N, CHi CO, M0
T, (K)[33]‘5.2 33 126 191 304 647

Table 1.1 - Kinetic Diameters and critical temperatures of the investigated gaseous species

Several polymeric materials have been developed spanning over a wide spectrum of
macromolecules chemistry and resulting in very different morphology, such as the
amorphous, semi-crystalline and crosslinked structures. However, these last two
lattice configurations are not very interesting as membrane materials, since they
usually present very low permeability values for all penetrants. Conversely,

amorphous polymers present interesting features for gas separation applications.

12



Chapter 1

Depending on their thermodynamic state at room temperature (whether their glass
transition temperature, 7, is below or above the atmospheric value) they can be
classified as glassy or rubbery polymers respectively. Rubbers are equilibrium
phases comparable, from the thermodynamic point of view, to liquids and they are
characterize by high values of the diffusion coefficients for all the gaseous species,
due to the molecular chain mobility and the high free volume. Hence, their

selectivity is principally governed by the thermodynamic factor ag, i.e. by the gas

solubility. On the other side, glassy polymer are frozen in non equilibrium structures
and, due to the kinetic hindrance of chains relaxation, they present a rigid polymeric
lattice, so that diffusivity can vary significantly among the gaseous species. The

selectivity can be influenced from both D and S, even though frequently a, is usually

the dominant factor.

Among all the materials recently developed, polyimides have been showed to be very
promising for gas separation applications, since they are able to couple notable
separation performance with good mechanical and thermal stability. Rather than the
linear configuration, heterocyclic aromatic polyimides are the most interesting ones,
since the imide group formed next to a benzene ring confers them a high thermal
stability coupled with good physical and mechanical properties. Several
polymerization protocols have been developed [34], but the most common one starts
from the reaction of dianhydride and diamine monomers precursors (Fig. 1.5). By
changing the reactive moieties a large variety of polymers can be obtained, normally
named and classified basing on the dianhydrie nature. The selectivity of these
polymers is associated to their rigid molecular chains, generated from the strong
intermolecular bonds between carbonyl group and the nitrogen atom, which impose
major constraints to rotation and mobility of the chain elements. Furthermore, the
very high thermal stability (T usually higher than 300°C) makes polyimides suitable

for a wide variety of gas separation processes.

13
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Figure 1.5 - Typical dianhydride and diamine moieties used in polyimides synthesis

1.1 Aging

As previously reported, glassy polymers present a structure far from the thermodynamic
equilibrium condition and, in particular, they are characterized by an excess of the
thermodynamic quantities (volume, enthalpy and entropy) compared to the equilibrium
state [35,36]. The distance from equilibrium generates a driving force responsible of the
spontaneous evolution of the polymer structure towards a state closer to the fully relaxed
thermodynamic configuration. Frequently, physical aging is manifested through volume
relaxations [37] of the specimen and, in general, both physical and mechanical properties
are influenced by this phenomenon. Moreover, the aging process has been found to be
temperature dependent: cooling down the sample, the molecular rearrangements causing

the specimen densification slow down, since a lower energy amount is available for

14
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chains relaxation. A model has been proposed by Struik [38] to describe the physical
aging rate, expressed by means of the following equation:
v _ -V-v,)

av _ V=V, (1.14)
dt  «(V,T,-T)

where V is the specific volume of the polymer at temperature 7, V, is the specific

volume at the equilibrium and t is the characteristic aging time, function of V and the
distance of 7 from the glass transition temperature.

Coupling the Struik model with the Free Volume Theory, previously mentioned,
produces a theoretical interpretation of physical aging and of its influence on the
transport properties [39]. Indeed, the driving force responsible of the densification of the
polymer structure generates a reduction of the amount of free volume available for
penetrants to diffuse across the membrane over time [40,41]. In view of the mentioned
relationship between permeability and free volume (Eq. 1.4), the aging process tends thus
to reduce the transport rate across membrane, as frequently reported in literature [42,43].
In this concern, among the large amount of investigated polymeric materials, poly[1-
(trimethylsilyl)-1-propyne] (PTMSP) presents the most representative results of this
phenomenon. PTMSP is a glassy membrane with a considerably high free volume and
consequently very good transport properties of small size penetrants. However, its use on
real gas separation applications was hampered by a fast aging rate, involving a quick
decline in the membrane performance [40].

Despite the negative effect on the membrane productivity, physical aging produces
usually an increase of the separation factor [43,44]. The reduction of voids dimensions
distribution affects more significantly the penetrant with the larger kinetic diameter,
enhancing the membrane selectivity, in agreement with Robeson trade off [31]. In
addition, the aging phenomenon has been demonstrated to be thickness-dependent: hence,
to maximize the membrane permeance, thin selective layers (thickness < 1 pm) must be
casted on porous supports, but thinner films undergo a fast aging rate, which can be up to
an order of magnitude more rapid compared the thicker ones [39,45,46].

Similarly to physical aging, also thermal treatment produces a contraction of the lattice

structure, which results in a decrease of the voids sizes and concentration in the polymer
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matrix [36,47]. Hence, the thermal history of the polymer results to be of fundamental
importance to define its transport characteristics, even though the principal effect are
detected mainly in the region below T, [38]. Accordingly, the time-temperature
superposition principle can be used in order to describe the volume relaxation evolution
[48] and the gas transport properties variations of a polymeric membrane [49] obtained
from different thermal treatments. Moreover, other authors suggested that the variations
of transport properties due to the previous history and the aging phenomenon cannot be
described only through a simple free volume decrease, but they are related to a more
complex rearrangement, affecting also the chains flexibility [50]. However, only few
literature studies are currently devoted to the investigation of thermal treatment effect on
glassy polymer permeation performance, hence more efforts have to be concentrated to

achieve a full comprehension of this phenomenon.

1.2 Effect of water vapor

On the lab-scale, the principal efforts for novel membrane materials are often focused on
maximizing the membrane performance and the measurement of permeability and
selectivity are frequently performed on pure or mixed gases on a dry base. However,
minor compounds frequently present in real application, such as water, low molecular
weight hydrocarbons and hydrogen sulfide [51], can significantly affect the membrane
performance and their effect must be taken into account for a reliable characterization of
the separation process. Among the other compounds, water vapor can influence the
membrane transport properties in various way, depending on the hydrophobic or
hydrophilic nature of the material and the affinity of H,O molecule with the gaseous
penetrant. Generally, hydrophilic materials undergo a relevant plasticization in presence
of water vapor, causing an increase of their permeability and thus of their productivity;
on the other side, in hydrophobic matrixes the higher condensability of water favors its
sorption to the detriment of the other gaseous species, generating a reduction of their
transport rate.

Polyelectrolyte membranes (PEM), such as the perfluorosulphonated ionomers, due to the

presence of ionic groups, present a very high water uptake (up to 20 wt% [52]) and a

16



Chapter 1

relevant swelling upon sorption [53]. Such a strong impact of water on the membrane
morphology influences significantly the transport properties and, in certain cases, it can
also affect the transport mechanism, reversing the material selectivity [32]. Nafion and
Aquivion appear to be on a dry base He selective, but as soon as the R.H. of the system is
increased to 5% the CO, becomes the more permeable species. Many authors [32,54,55]
suggested that under humid conditions water channels are formed across the membrane:
on a dry base the diffusion is mainly controlling the permeation process, but in presence
of water vapor the transport mechanism is controlled by the solubility of the gaseous
penetrants in the H,O liquid domains, formed in the membrane matrix. An even more
drastic effect is obtained when the water vapor is present in the gas permeation through
barrier materials. Microfibrillated cellulose (MFC) films displayed a water uptake close
to 10 to 12 wt% [56] and as soon as the R.H. in the feed gas was increased to 20% the
oxygen permeability of the film increased of 2 orders of magnitude and a further
increment was observed approaching the saturation conditions.

On the other side, for polymers with a low water vapor uptake, the presence of water
concentration in the gaseous stream corresponds to a decrease of the transport rate across
the selective layer, due to competitive sorption. The higher critical temperature promotes
H,O in the competion with other penetrants for absorption in Langmuir voids. Polyimides
are known to be hydrophobic or weekly hydrophilic materials [57]. The only exception is
represented by the presence of sulfonated groups in the monomer structure, which
enhance the water uptake [58,59]. The CO, and CH4 permeability coefficients are
reported to decrease in 6FDA and BTDA-based polyimides increasing the water activity
of the feed stream up to 60% of the dry value, affecting barely the separation factor [60].
Similar results were obtained for a NTDA-based polyimide, where the CO, and N,
transport rates underwent a 52% reduction compared to the dry values at a water activity
close to 1 [61]. Pourafshari Chenar et al. [62] report comparable performance for a cardo-
based polyimide hollow fiber membranes, where in presence of water both CO, and CHy4
permeabilities exhibit a decrease of 43% and 28% respectively. They investigated also a
PPO based hollow fibers module, which, due to the high hydrophobicity of the material,
showed a smaller decrease at increasing the water content in the separation process.

Moreover, Reijerkerk et al. [63], studying the PEO-PPO-based block copolymer transport
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properties under humid conditions, disclosed a marked decrease of gas (CO, and N)
permeability at increasing the water concentration in the feed side, mainly related to the
weekly hydrophilic behavior displayed by the water sorption isotherms for the
investigated R.H. conditions.

Finally, also a behavior in between the two phenomena previously mentioned may be
obtained with a simultaneous occurrence of competitive sorption and water-induced
swelling. Bae et al. [64] disclosed the permeation properties of a poly(arylene-ether-
sulfone)s membranes under humid conditions. They reported that both O, and H,
permeability values decrease up to a 30% relative humidity and then start to increase
along with the activity. The O, transport rate increases of 1 order of magnitude compared
to dry conditions.

As described, water vapor can thus affect the transport properties of a polymer in various
ways, which cannot be easily tailored in advance, unless a rough idea can be obtained
from the material nature. Therefore, the characterization of membrane performance under
humid condition is of fundamental importance for the reliable description of the material

potentialities for gas separation applications.

1.3 Facilitated transport membranes

All the foregoing considerations concerned materials whose separation characteristics are
based on a purely physical transport mechanism. A more efficient CO, separation can be
achieved using membranes based on the facilitated transport mechanism [65,66], which
exploits a chemical reaction between the CO, and basic compounds present within the
membrane matrix. As reported in Figure 1.6, besides the solution diffusion transport, the
CO, reacts with active sites present within the matrix, producing a chemical enhancement
of the CO, flux across the membrane. The first facilitated transport membrane was
proposed by General Electric in 1967, based on an cellulose acetate matrix swollen by an
aqueous carbonate solution [67]. Nevertheless, in the past decade the study of these
particular membrane for CO; separation has accelerated sharply.

The reactive species are called carriers and they can be classified based on their mobility:

if the reactive moiety is linked to a low molecular weight molecules and is able to move
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across the selective layer, they are referred as mobile carriers; on the other side, when the
reagent group is directly bonded to a long chain structure and its mobility is rather limited
in the membrane framework, they are identified as fixed carriers. In this fashion, the CO,
transport is given by a double contribution, the ordinary transport based on the solution-
diffusion mechanism and the carrier facilitated diffusion, due to the complex formation

based on the reaction between CO, and carriers.

Membrane

Feed Side W Permeate Side

Facilitated Transport
Mobile
cor

Mobil Mobil -
\ AN >

Mobile

\ Carrier /
y N4
Non-Reacting Physical Solution-Diffusion H,
Gases:Hy, Nyt — — — — — — — — —— — »—— >N,
CO,CH, co

Figure 1.6 - Facilitated transport mechanism across a selective layer (from Reference [18])

When amines react with CO,, the reaction scheme can be described by means of the
zwitterion mechanism, where the carbamate ion is the activated complex responsible for

the CO; transport. For unhindered amines, a two step reaction is involved:
CO; + RNH; «» RNH,+COO" (1.15)
RNH,+COO™ + RNH, <> RNHCOO + RNH;" (1.16)

At first, a zwitterion intermediate is formed, which can then be deprotonated by amines to
form the carbamate ion. Considering the overall reaction of Equation 1.15 and 1.16, a

single mole of CO; is reacting with two moles of amines [68].

19



Chapter 1

However, when sterically hindered amines are involved in the reaction, the scheme is
different. A sterically hindered amine is defined as either a primary amine in which the
amino group is attached to a tertiary carbon or a secondary amine in which the amino
group is attached to at least one secondary or tertiary carbon. Due to the attached alkyl

group carbamate ion is not stable in water and reacts with H,O to give the bicarbonate:
RNHCOO™ + H,O <« RNH, + HCO5’ (1.17)

In the overall reaction (Eq. 1.15, 1.16 and 1.17) only one mole of amines reacts with the
solute, improving the complex formation per unit of amines present in the membrane
composition, hence the CO; transport [69]. Zhao et al. [69] demonstrated the importance
of steric hindrance for solid membranes containing amines.

Moreover, KOH, when present in the membrane composition, can also act as mobile
carrier, reacting with CO, to give potassium carbonate and bicarbonate (K,CO; and
KHCO;3) and the reaction for CO;-carrier complex activation is given by the following

equation [70]:
CO;* + CO, + H,0 < 2HCO5 (1.18)

Water plays a key role for the transport mechanism, since it is involved in the reaction
(Eq. 1.18) and it also enhances the ions and small molecules mobility, due to the water-
induced swelling of the membrane matrix, whose highly hydrophilic nature is ensured by
the large amount of amino groups present in the polymeric species.

In the past decade, several study highlighted that facilitated transport membranes are able
to couple a large trans-membrane flux with high CO,-selective feature [71,72] going
beyond the previously mentioned solution diffusion trade-off. For 2 atm pressure
conditions, Zhao & Ho [69] reported a CO, permeability slightly higher than 300 Barrer
using only a fixed carrier (moderately hindered amines) together with a CO,/H,
selectivity close to 45 and a CO,/N, selectivity of 340. Nevertheless, when part of the
fixed carrier was replaced by smaller amine molecules [15] a significant enhancement of
membrane performance was achieved (CO; permeability of 6500 Barrer and CO,/H;
selectivity of 340), highlighting the fundamental importance of the carrier mobility for

the optimization of the facilitated transport. Similar results have been obtained by Zou et
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al. [73], where both mobile and fixed carriers were present in the selective layer
composition.

Unless the outstanding results obtained, stability remains the main issue of facilitated
transport membranes, especially under high pressure conditions. Few authors [18,74]
reported stable performance of these materials for a period of more than 400 h under low
pressure conditions. However, high pressure conditions represent the biggest challenge
for these particular membranes. Compaction of the selective layer could take place under
such severe conditions [75], affecting drastically the separation performance and
threatening the membrane integrity. At the same time carrier saturation phenomena [76]
can also decrease the chemical contribution to the CO; transport, influencing necessarily
the membrane efficiency. Bai & Ho [77] reported stable results for crosslinked PVA-
based facilitated transport membranes at a feed pressure close to 30 bar, with a CO;
permeability of 300 Barrer and a CO,/H; selectivity of 18. Xing & Ho [78] showed very
promising results for silica-modified PVA-POS membranes containing amines carriers at
a feed pressure of 15 atm. However, no long term stability tests have been performed at
the present time.

Facilitated transport membranes represent thus a very attractive outlook for membrane
technology, mainly because of their ability to overcome the physical limits imposed to

the other materials, which based their separation property on physical mechanism.
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2. Mathematics of transport process

2.1 Diffusion in a plane sheet

2.1.1 Permeation analysis

Figure 1.2 represents the scheme of the diffusion process of gas molecules across a
plane sheet, in absence of chemical interactions between the involved compounds.
From the mathematical point of view, the system can be described by means of
Fick's second law, for the particular boundary conditions (i.e. constant
concentrations but different values at the two gas-membrane interfaces). In case of

one-dimensional diffusion process, the problem can be addressed as follow:

oC. 0°C.
—Zi_D.. i
o o 2.1
C(0,1)=C"
2.2
C(s5,t)=C/ @2

The complete solution has been proposed by Crank [79] and assuming the initial
solute concentration C; o within the membrane matrix negligible, the final expression

1S:

Clet)=crr(ct-c) 242y Gl cosnz=Ct exp[— M] 2.3)
o D n o o

where C and C/ are the penetrant concentrations at the gas-membrane interface in
the upstream and downstream side respectively, ¢ represents the time variable and o
is the selective layer thickness.

When the system reached the steady state (r—o0), the exponential term of the
proposed solution vanishes and only the linear dependence is left to describe the
concentration profile as a function the space variable. Hence, for the steady state

conditions Equation 2.3 turns into:
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C-C' «x

ci-c' 5 (2.4)
which represents the linear concentration profile showed in the Figure 1.2.

The permeability definition given in Chapter 1 (Eq. 1.1) is obtained from the
integration of Fick's first law for one-dimensional diffusion of the gas molecules
[79], assuming the same conditions previously described. The solute flux is thus

described as a product of the diffusion coefficient and the concentration gradient

calculated on the thickness direction (Fig. 1.2):
J =-D, - —*% (2.5)

Assuming a system with homogenous properties, D; can be considered independent
from the space variable, while the derivative term to estimate the concentration, C;,
can be calculated from Equation 2.5, thus obtaining:

c'-c! AC,

J =D .= =D .— 2.6
1 1 5 1 5 ( )

where 4C; is the expression of the driving force of permeation. When the diffusion
coefficient is not constant over the membrane thickness, a similar conclusion can be
obtained considering an average value, D; averqge. Assuming no external mass transfer
resistance and equilibrium conditions at both gas-membrane interfaces (so that C;*! =
C; both for the upstream and downstream side), the solute concentration can be
expressed as a function of the penetrant partial pressure, p;, in the bulk phase by
means of a thermodynamic partitioning coefficient, namely the solubility coefficient,

S,‘Z
G’ =S -p (2.7)

Equation 2.6 can be thus used to describe the penetrant concentration at both gas-
membrane interfaces, even if commonly the solubility coefficient is different for the
two boundary conditions. In case that an average solubility coefficient, S;average, 1S

assumed, it is possible to calculate the driving force as:
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Cieq’u - Cz‘eq’d = Si,average : (pzu _p[d) (2.8)

When the sorption isotherm is linear with the solute partial pressure, corresponding
to a constant solubility coefficient, S;, or if the downstream pressure is negligible
compared to the upstream one and assuming a constant diffusivity with the thickness,
Equation 2.6 leads back to Equation 1.8, which defines the solution diffusion
mechanism.

Furthermore, the rate at which the solute is permeating at the downstream side gas-

membrane interface is given by

oC.
J. =-D|—% 29
Iy=5 l( ax jx_§ ( )

Substituting C; from Eq. 2.3 and integrating the calculated flux respect to time,
Equation 2.9 returns the total amount of gas permeated through the downstream

surface, Q,, at time t:

0 d _ 2 _2
Q,.(r)z(cﬁ—cg)Lr@ ¢ cosnE G {1—exp(—%ﬂ (2.10)

2
5 4 n=l n

Considering a negligible concentration on the downstream side of the membrane and

in the time limit approaching infinite values, Equation 2.10 turns into:

D,-C/ 5’

()= 2.11
e @1
The line described by Eq. 2.11 has an intercept at Q;(¢) = 0, defined as time-lag, 0;:

52
9, = 2.12
' =%D (2.12)

In Figure 2.1 a typical permeation curve is reported, showing the time lag
extrapolation for the given steady state. The estimated values allows the diffusion
coefficient calculation, hence the determination of the thermodynamic and kinetic

contribution to the permeability coefficient.
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Q(t)

Time

Figure 2.1 - Curve describing the permeated gas over time, showing the time-lag

2.1.2 Sorption analysis

When sorption measurements are performed the boundary conditions changes respect
to the previous case, giving a different solution for the kinetics of diffusion of
penetrant molecules in the specimen. Indeed, both slab's surfaces are exposed to the
same pressure, hence the concentration value at the gas-membrane interface is kept

constant, corresponding to C;”:

C.(0,1)=C"

t>0 (2.13)
C.(5,0)=C"

Assuming that the initial solute concentration within the sample is equal to C;, the

solution of Fick's second law is proposed by Crank [79]:

CcF - Cio i 2n+1 45° 20

1

—C,.(x,t)—C,.,O =1—ii—(_l)n exp[—D,- (2n+1) ﬂ2t]cos (2n+ ) (2.14)

From the concentration profile by integration on the x axis, it is possible to calculate

then the mass absorbed as a function of time, M;(?), that results to be:
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(—D[ (2n+1)272'2l] (215)

45°

=1-
M, ; 2n+ 1
where M; ., 1s the final mass absorbed at the equilibrium condition.
The obtained relationship describes the diffusion kinetics in a sorption experiment

and it is very helpful to determine the diffusion coefficient, starting from the

experimental data, as it will be showed in the experimental part.

2.2 Diffusion with chemical reaction

When a reaction is involved in the kinetics of small molecules diffusion across a selective
layer, the governing equations ruling the transport process must be updated, taking into
account the reaction terms. Although the reaction scheme is usually rather complex,
frequently a single overall reaction is considered to theoretically describe the process:
A+B < AB (2.16)
where A is the solute, B is the carrier and 4B is the activated complex. Using this
simplified approach, the solute A is absorbed at the upstream gas-membrane interface,
reacts with the carrier giving the carrier-solute complex. As soon as the activated
complex reaches the other membrane interface, it is de-complexed, the solute is desorbed
on the downstream side and the carrier is immediately available for a new complexation.
A scheme of the described transport is reported in Figure 2.1. Under these hypothesis and
assuming a constant diffusion coefficient for all the chemical species involved, the one
dimensional, steady state diffusion with reaction in an homogenous media [65] can be

summarized as:

oc_a'c,
oc —k,C,Cy+k,C
o on 45 217
ac_ o,
—k,C,Cy+k,C
PR 4B (2.18)
oc_ac,,
+k,C,Cy—kC
o o 48 (2.19)
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where C4, Cp and Cyp are the solute, carrier and activated complex concentrations at the
steady state, whereas krand £, are the forward and reverse reaction constants respectively.

The total carrier concentration Cr present in the membrane matrix is given by
C,=C,+C,, (2.20)

6

=
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- @
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<

—X
Figure 2.2 - Scheme of facilitated transport mechanism
In addition, assuming the hypothesis that the carrier compounds and the solute-carrier

complexes are non volatile and are constrained to remain within the selective layer, the

boundary conditions are:

oC oC
x=0,C,=C,,,—28=-""8_-9
4 07 ox Ox 2.21)
x:5,CA:CA5,aCAB:a&:()
ox Ox

However, despite the simplified approach (single overall reaction), a general solution
cannot be obtained for the steady state of the system, due to the non linearity of the
differential equations governing the transport process. Particular constrains must be
applied to achieve a solution for the specific case, but they will be discussed at a later

stage, in the modeling chapter.
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3. Experimental

In the present chapter the samples preparation protocols and the experimental apparatus
will be described. All the experimental work described in the present thesis has been
developed in two different laboratories: the polyimide characterization has been
performed in the laboratory of the Civil, Chemical, Environmental and Materials
Engineering Department of the University of Bologna, whereas the synthesis and
characterization of facilitated transport membranes was carried out at the William G.
Lorie Department of Chemical and Biomolecular Engineering of the Ohio State

University, during the period spent in Dr. W.S. Winston Ho research group.

3.1 Sample preparation protocols

3.1.1 Matrimid® 5218 Polyimide
The gas transport properties of a BTDA-DAPI polyimide (3,3°,4,4’-benzophenone

tetracarboxylic dianhydride and diaminophenylindane), whose commercial name is
Matrimid 5218, supplied by Hunstman Advance Materials were deeply characterized. In
Figure 3.1 the Matrimid structure formula is reported. The polymer, received in powder
form, presents a T, of about 320°C [80], an average molecular weight of 80000 g/mol
[80] and a polydispersity index of 4.5 [81].

Self standing Matrimid films have been obtained through a solvent casting technique,
starting from a 1 wt.% solution of polymer in high purity dichloromethane (DCM),
provided by Sigma-Aldrich (anhydrous, purity > 99.8%) [82]. A measured amount of
solution was poured in a Petri dish, which was covered and left at room temperature for
24 hours in a clean hood in order to allow a slow solvent evaporation. The film was then
detached from the Petri dish and the sample was dried in an oven under vacuum
conditions for 24 hours, in order to ensure the complete removal of the solvent.

For the thermal treatment and aging characterization, four different temperatures, namely

50, 100, 150 and 200°C, were considered to investigate the effect of thermal history on
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the membrane properties. Hereafter the samples dried at different temperatures will be
indicated as Ma50, Mal00, Mal50 and Ma200, respectively. Moreover, the aging
protocol consists in keeping the samples, before and after their characterization, into a
controlled atmosphere chamber, purged with a N stream to completely remove the water
vapor, possibly present. The specimens were tested to investigate the CO, and CHg4
permeability immediately after the thermal treatment (48 h after casting) and then after
1000, 2000 and 3000 hours. For the thermal treatment and aging characterization, the
specimens thickness was measured with a digital micrometer (Mitutoyo) with a precision

of = 1 um and varies between 29-56 um, with a standard deviation of 2-5 um.
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Figure 3.1 - Matrimid repeating unit

Considering the results obtained from aging study, the characterization of transport
properties under humid conditions was performed on Matrimid samples, thermally
treated at 200°C. For the permeation experiments, the thickness samples was measured
by a digital micrometer (Mituyoto, precision of +£ 1 um) and the values were about 25 pm
with a standard deviation of 2 um. For the density measurements, thicker samples were
needed in order to decrease the experimental error related to the measurement. In this

case specimen thickness was about 140 pm + 2 um.

3.1.2 Facilitated transport membranes
In the present work, PV A-based facilitated transport membranes were studied in order to
investigate their properties under high pressure conditions. Due to their outstanding

mechanical property, amino-modified MWNTSs have been added to the solid composition
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as mechanical reinforcement, to prevent the compaction of the selective layer, reported to

take place under high pressure conditions [19].

3.1.2.1 Materials

Polyvinylalcohol (PVA, Poval S-2217, 92% purity, MW 150,000, 87 — 89% hydrolyzed)
was purchased from Kuraray America Inc. as a copolymer of vinyl alcohol and vinyl
acetate, containing a minor amount of surfactant groups [83]. Potassium hydroxide (MW
56.11, KOH, > 85%), glutaraldehyde aqueous solution (MW 100.12, 50 wt%), 2-
aminoisobutyric acid (AIBA, 98%), 3-aminopropyiltriethoxysilane (APTES, 99%) and
ethylenediamine (EDA, > 99.5%) were purchased from Sigma-Aldrich. Poly(allylamine
hydrochloride) (PAA-HCI1) with an average MW of 112,000 g/mol was purchased from
Monomer-Polymer and Dajac Laboratories. Hydrochloric acid (36.5% — 38.0%, FW =
36.46), sulfuric acid (98%, FW = 98.08), nitric acid (2.6 M, FW = 63.01) and Acetone
(99.7%, FW = 58.08) were bought from Fisher Scientific. AIBA and PAA-HCI were
neutralized using KOH before usage by following the procedures reported in literature
[69]. Lupamin® 9095, a commercial product from BASF, contains 7 wt% polyvinylamine
(PVAm) and 14 wt% sodium formate in aqueous solution [84,85]. The PVAm in
Lupamin® 9095 was purified using ethanol precipitation [86]. No further purification
was carried out for all the other chemicals used in this work.

The MWNTs (Graphistrength® C100, 0.1 — 10 um in length, 10 — 15 nm in diameter, and
> 90 wt% purity) used in this work were gently provided by Arkema; nanoporous
polysulfone composite supports (average pore size of 10 nm, thickness of 140 um
including non-woven fabric) was kindly provided by TriSep Corporation. Teflon supports
(pore size > 30 nm, thickness of 20 um) were supplied by W.L. Gore & Associates. Feed
gas cylinders of certified grades were purchased from Praxair Inc. The dry feed gas
compositions used in this work are: 20% CO,, 20.2% H;, 59.8% CH,4 and 20% CO,, 40%

H,, 40% N,. Pre-purified argon was used as sweep gas.
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Figure 3.2 - Chemical structure of PVAm, PVA, APTES and AIBA-K

3.1.2.2 MWNTs amino-functionalization

The raw MWNTs were functionalized by bonding amino groups on the graphene walls
and ending parts in order to increase their affinity with the hydrophilic membrane matrix.
The functionalization was carried out in two steps as showed in Figure 3.3.

At the beginning, 500 mg raw MWNTs were poured into a 120 ml acid-mixture (90 ml of
H,S0O4 and 30 ml of HNO; [87,88]) and the suspension was refluxed in a round-bottom
flask at 120°C for 90 min. After the reaction, the suspension was cooled down to room
temperature for 2 h. The residual acids were removed and the products were washed
several times with reverse osmosis (RO) water in a vacuum filter using Teflon filtration
membrane until the filtrate pH reached a constant value after consecutive washings. The
resulting acid-treated MWNTs (AT-MWNTs) were dispersed in RO water using an
ultrasonication bath (FS-30, Fisher Scientific) for at least 10 h until a limpid dispersion
(~1 wt% AT-MWNTs) was achieved.

In the second step, the surface -COOH and -OH moieties on the prepared AT-MWNTs
were further modified via condensation of small amine molecules to obtain the amino-
functionalized MWNTs (AF-MWNTs) [89,90]. APTES was dissolved in acetone under
stirring to prepare a 5 wt% solution. The APTES/acetone solution was then mixed with
the prepared AT-MWNT dispersion at a weight ratio of 1:10 (APTES/AT-MWNT) and
heated at 80°C for 30 min under vigorous stirring. Acetone was selected as the solvent
for APTES instead of water to prevent fast polycondensation of -OH groups in aqueous
solution [91]. The aggregates formation would lead to the development of larger particles
in the further functionalization steps. Finally, the reaction solution was ultrasonicated for

60 min, followed by centrifugation at 8000 rpm for 2 min to remove possible small
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aggregates. The AF-MWNT concentration in the centrifuged dispersion was measured,

normally within the range 0.6 — 1 wt%.

H,50,- HNO4(3:1) ©
—
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RAW MWNTs AT-MWNTs AF-MWNTSs

Figure 3.3 - MWNTSs amino-functionalization

3.1.2.3 Membrane preparation procedure

Mixed matrix membranes were obtained by casting technique: the casting solution was
prepared by homogeneously dispersing AF-MWNTs in crosslinked PVA/amines aqueous
solution and then casted on a polysulfone composite support. After water evaporation, a
thin mixed-matrix selective layer was formed on the support.

The polymeric matrix materials were synthesized by a two-step crosslinking reaction
(Fig. 3.4). Initially, 3.3 g of PVA were completely dissolved in 18 g of water in a 250 ml
flask and stirred for 24 h under mild stirring at room temperature overnight. One gram of
APTES as well as a small amount (0.13 g) of HCI, needed to catalyze the reaction, was
added to the aqueous PVA solution. The mixture was vigorously stirred at 80°C for 80
min. A sol-gel reaction took place via poly-condensation of the hydroxyl groups on PVA
and silanol groups from APTES, generating a poly(vinylalcohol)-poly(siloxane) (PVA-
POS) network [78]. PVA has been demonstrated to be very stable both in acid and
alkaline environments [92].

The second step involves a based-catalyzed crosslinking reaction, using glutaraldehyde as
crosslinking agent. Firstly, 2 g of KOH were added to increase the pH and then the

aqueous PVA-POS solution was stirred for 15 min at 80°C. Afterwards, a stoichiometric
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amount of glutaraldehyde was poured into the solution drop by drop under stirring to
achieve a 100% crosslinking degree. The crosslinking reaction was carried out at 80°C
for 2.5 h under vigorous stirring, able to prevent the occurrence of gel formation. As
showed in Figure 3.4, the crosslinking takes place via condensation reaction and PVA is
covalently linked due to intermolecular acetal linkages [18,78].

After stirring for 10 min, the mixture was ultrasonicated for 2 h to get the AF-MWNTs
well dispersed in crosslinked PVA-POS solution. Based on the desired membrane
composition, calculated amounts of polyamine solution, AIBA-K solution, KOH solution
were sequentially added into the crosslinked PVA-POS/AF-MWNT mixed solution under
vigorous stirring. AIBA-K (sterically hindered amine) and KOH acted as mobile CO,
carriers. The long-chain polyamine (PAm) was used as fixed-site carrier and the
performances of three polyamine structures (i.e., PAA, Lupamin®9095, and purified
PVAm from Lupamin®9095) were evaluated. All the fixed carriers used in the present

work belong to the unhindered amine family.
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Figure 3.4 - Reaction scheme for the PVA-POS network [78]

The casting solution was prepared highly viscous in order to minimize the penetration

into the pores of polysulfone support. In such a viscous solution, the residual
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glutaraldehyde reacted actively with the long-chain polyamines to form high-molecule
network, resulting in rapid gelling, even severe phase separation, in the casting solution.
In this work, EDA was added into the casting solution (7 ~ 8 wt% of the total solid
composition) to interrupt the reaction between glutaraldehyde and polyamine, making it
possible to prepare a highly viscous, homogeneous casting solution without gelling [93].

In the end, the homogeneous casting solution was cast on a flat-sheet polysulfone
composite support by means of a GARDCO adjustable micrometer film applicator (Paul
N. Gardner Company) with a controlled gap setting. Water was then evaporated from the
casted aqueous solution by convective air flow at 105°C for 20 min, followed by
membrane curing in a muffle oven at 120°C for 6 h for the complete removal of water
and complete the crosslinking reaction for PVA with glutaraldehyde. Due to its boiling
point (108°C), EDA is believed to be completely removed during the curing process [93].
A sketch of the membrane preparation protocol is reported in Figure 3.5, whereas a

complete list of the membranes composition is reported in Table 3.1.
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Figure 3.5 - Membrane preparation protocol (figure originally prepared by Dr. Yanan Zhao)
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The total thickness of each solid membrane was measured by a Mitutoyo electronic
indicator (Model 543-252B) with an accuracy of + 0.5 um. The thickness of the selective

layer was calculated by subtracting the polysulfone support thickness from the total

thickness.
Sample PAm PVA AF-MWNTs KOH APTES PAm AIBA-K HMyS
(Wt%) (Wt%) (Wt%)  (Wt%) (Wt%) (Wt%)  (Wt%)
S-01 A 20.2 2.1 19.0 5.4 223 31.0 329
S-02 A 20.5 22 16.8 5.2 23.6 31.7 33.5
S-03 A 22.8 1.9 19.3 0.2 28.2 27.6 323
S-04 B 20.9 22 17.6 5.3 244 29.7 37.0
S-05 B 23.6 24 14.8 4.9 29.3 25.0 42.9
S-06 C 25.2 2.5 19.4 5.2 20.9 26.8 51.3
S-07 C 24.1 24 17.7 5.0 24.0 26.7 53.2
S-08 C 233 2.3 17.1 6.1 25.8 254 55.2
S-09 C 24.0 24 16.3 6.1 26.4 24.8 56.5
S-10 C 23.7 24 16.5 6.0 26.1 254 55.8
S-11 C 23.6 23 16.7 6.3 26.2 25.0 56.0
S-12 C 242 0.0 17.1 6.4 25.5 26.8 56.1
S-13 C 229 6.9 15.6 5.8 252 23.6 53.9
S-14 C 23.6 23 10.6 6.3 46.4 10.8 76.2
S-15 C 23.6 23 214 6.3 46.4 0.0 76.2
S-16 C 23.6 2.3 26.8 6.3 41.0 0.0 70.8

Table 3.1 — Total solid compositions of MMMs synthesized in this work
(polyamines, PAm: A = Lupamin®, B = Purified PVAm, C = PAA).

3.2 Permeation

Several permeation experiments have been performed for the different materials

presented in this work. In the paragraph, three permeation apparatuses, able to
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characterize the membrane transport properties under different operative conditions, are

described.

3.2.1 Dry gas permeation

The dry gas permeation apparatus allows to characterize the transport properties under
dry conditions and in particular permeability and diffusivity of a particular penetrant can
be measured. Hence, by means of the solution diffusion theory, also the solubility
coefficient can be estimated.

The apparatus is based on a barometric technique in which diffusivity and permeability
are evaluated by monitoring the pressure variations in a downstream volume V; [94]. A
layout of the apparatus is reported in Figure 3.6. The sample holder (Millipore high
pressure filter holder, diameter 25 mm, filtration area A = 2.2 cm?) divides the system in
two parts: the upstream high pressure side and the downstream low pressure side, whose
volume is known from a previous calibration. The whole system is placed inside an
incubator with a PID control system, which allowed a temperature management in a

range from 25 up to 80°C with an accuracy of + 0.1°C.
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Figure 3.6 - Dry gas permeation apparatus [95]
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After evacuating the sample completely and having performed a vacuum test to ensure
the absence of leaks, the valves V05 and V06 (Fig. 3.6) are closed to isolate the samples
from vacuum. Subsequently, valve V02 is opened, so that the upstream side of the
membrane is exposed to the penetrant pressure, previously loaded in the reservoir, and
the experiment begins. Simultaneously to the opening of valve V02, the acquisition
software to monitor the downstream pressure variation is started, therefore the estimation
of the characteristic time of diffusion is allowed. When steady state conditions are
reached, the permeability is calculated from the permeability definition (Eq. 1.1),
describing the molar trans-membrane flux by the variation of the downstream pressure

through the ideal gas law:

d
P = dL . Va . o y 3.1
di )., R-T-A (p!~p])
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Figure 3.7 - Typical dry gas permeation experiment output

In Figure 3.7 a typical output from a pure permeation experiment is showed: the red dots

indicate the variation of the downstream pressure over time as directly acquired from
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manometer, whereas the blue dots represent derivative term calculated for a given
pressure-time interval, chosen according to the process overall kinetics.

The present experimental set up allows also to analyze the kinetics of the transport
process, to obtain the average diffusion coefficient through the so called time-lag method,
theoretically described in paragraph 2.1.1. By means of Equation 2.12, the diffusion
coefficient can be directly calculated from the measured data, estimating the $; from the

best fitting line of the pressure variation with time (red curve), as showed in Figure 3.7.

3.2.2 Humid gas permeation

The humid gas permeation apparatus allows the evaluation of the gas permeability in a
polymeric matrix in presence of a vapor in the permeation process. Similarly to the
system described in the previous paragraph, the permeability measurement is based on a
barometric technique and in particular on the evaluation of the pressure variation in the
downstream side of the membrane. Water is the more common vapor used to perform this
test, due to its frequent presence in the feed stream for many separation processes [51]. A
scheme of the apparatus is reported in Figure 3.8 and a brief description of the test
protocol will be discussed below.

After the sample is evacuated to ensure the complete solvent removal, the membrane is
firstly conditioned with water, equilibrating the specimen at the water activity considered
for the experiments. During the time needed by the membrane to reach the equilibrium
conditions, a humid stream is created at the same water activity, by splitting the
incondensable penetrant coming from the gas cylinder in two streams. One branch is
saturated by bubbling into a reservoir filled with liquid water, and is subsequently mixed
with the other dry branch. High precision flow controllers (dry branch FCO1, wet branch
FCO02, Fig. 3.8), purchased from Bronkhorst (Model El Flow), allow to adjust the R.H. at
the desired value, measured by an humidity sensor (Vaisala, HMT 330 Series). To
prevent any effect on the membrane, the humid stream is created by flowing on the

bypass circuit and released in the atmosphere (bypass valve V01, Fig. 3.8).
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Figure 3.8 - Scheme of the humid permeation test apparatus (re-adapted from Ref. [53])

When the water sorption reaches the equilibrium, the upstream side of the membrane is
washed with the humid stream previously created, closing the bypass valve and opening
the valves V02 and VO03. Simultaneously the acquisition software is started, in order to
monitor the downstream pressure variation over time. A typical output obtained from the
apparatus is reported in figure 3.9.

The initial transient phase undergone by the system is usually related to the slight
differences between the R.H. value of the feed stream and the activity at which the
membrane has been equilibrated. Hence, the initial pressure variation cannot be attributed
specifically to any gaseous species present in the system. However, as soon as the water
concentration within the membrane matrix will reach the real equilibrium condition with
the activity of the feed stream (the time required is different for every single test), the
H,O chemical potential (uy,0) will be equal on both sides of the membrane and the
variation of the downstream pressure can be attributed only to the incondensable species.
When the pressure variation over time reaches a constant value the permeability at the
particular water activity can be calculated by means of the same formula used for the dry

gas permeation apparatus (Eq. 3.1).
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Figure 3.9 - Humid gas permeation experiment output

The scattering of the data showed by the flux (blue curve) at the steady state are mainly
related to the vapor pressure adjustment due to very small and uncontrollable temperature
fluctuations in the system, which affect necessarily the R.H. of the gaseous stream.

Both the dry and humid permeation apparatus have been used for the characterization of

the Matrimid transport properties.

3.2.3 Mixed gas permeation

To characterize the performance of the facilitated transport membranes mentioned in the
first paragraph of the present chapter, a mixed gas permeation apparatus has been used.
Differently from the previous permeometers, permeability is evaluated measuring the
gaseous streams concentrations by means of a gas chromatograph (GC). Indeed, the
sample is continuously washed on the upstream side (feed gaseous mixture with different
composition) and on the downstream side (sweep gas, Argon). After the sample holder,
the obtained retentate and permeate streams concentrations are constantly analyzed for

the entire duration of the test. In Figure 3.10 the layout of the apparatus is showed [96].
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The membrane sample was held in a circular stainless steel cell with an active area of 5.7
cm’ and tested with countercurrent flow pattern between the feed and the sweep sides in
order to maximize the driving force across the membrane. The whole system was placed
inside an oven with a very accurate temperature control (BEMCO Inc.). The dry gas flow
rate was obtained by means of highly precise flow meters (Brooks Instrument) and set
equal to 60 cm®/min and 30 cm’/min in the feed and sweep side respectively.

Both the feed-side and the sweep-side relative humidities were controlled by highly
precise water pumps (Varian ProStar, Model 210). The liquid was mixed with the feed
and sweep lines inside the humidifiers, previously packed with filling material in order to
increase the mixing and ensure the achievement of the calculated R.H. values in the
streams. The water flow rate was set differently according to the temperature, pressure
and relative humidity conditions fixed for the specific test and they will be specified

during the results description.
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Figure 3.10 - Mixed gas permeation apparatus layout (originally drawn from Dr. Jian Zou)
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The retentate and permeate side gas samples were analyzed by online gas chromatograph
(Agilent 6890N) [18,69,78], using a micro-packed column Supelco Carnoxen 1004
(Sigma Aldrich).

For the permeability calculation, the logarithmic mean method (Eq. 3.2) was used to

calculate the average pressure jump across the membrane:

Ap _ (pi,feed in pi,sweep out) - (pi,feed out pi,sweep in)
.=
ln(pi,féed in pi,sweep aut) - ln(pi,feed out pi,sweep in)

(3.2)

where the different gas partial pressure were obtained from GC measurements.

3.3 Sorption

The vapor sorption experiments are performed using the quartz spring microbalance
apparatus (QSM), whose sketch is showed in Figure 3.11. The quartz spring is mounted
inside a glass column endowed with a water jacket for temperature control. The sample is
hanged on the spring hook by means of a sample holder obtained with an aluminum sheet
wrapped with a copper wire. Before starting the test, the sample is evacuated overnight to
ensure the complete removal of penetrants within the specimen matrix. To this purpose, a
vacuum pump (Edwards, Model RV3) is used and a liquid N, trap is inserted on the
vacuum line to avoid vapor condensation in the pump oil.

The liquid penetrant is stored in a 500ml volume and vaporized into a 4 L reservoir
(vapor reservoir, Fig. 3.11) up to the desired pressure. Stainless steel tubes and valves
allow connections between the different parts of the apparatus and to the vacuum system.
A heating tape wrapped all around the manifold prevents the penetrant from condensing
along the tubes. The spring, purchased from Deerslayer, has a sensitivity of 1 mm/mg and
can hold a maximum load of 100 mg.

The sample behavior is monitored through a CCD Camera (Series 600 Smartimage
sensors) manufactured by DVT Corporation equipped with additional lenses (25 or 35
mm) and some extenders to optimize magnification and focal distance during different
experiments. A strobe led array illuminator, model IDRA-6, has been placed behind the

glass column to achieve the optimal illumination and the maximum image contrast.
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3.11 - Quartz spring microbalance layout

After a vacuum test is performed to ensure the absence of leaks, a certain penetrant is
vaporized into the vapor reservoir reaching a certain pressure value, with the valve V04
closed in order to prevent sorption before starting the test. Once the vapor pressure is
stable, the acquisition is started and the valve V04 is opened. Initially, due to the
expansion the penetrant pressure drops down, but after few seconds reached a stable
value, which remains usually constant for the entire duration of the single test. Absorbing
the penetrant, the sample gains weight producing a spring elongation. Knowing the spring
constant and monitoring the spring length variation with the camera, it is thus possible to
correlate the number of pixels recorded by the CCD to the amount of vapor sorbed within
the polymer matrix.

In Figure 3.12 a typical output of a sorption experiment is reported. The Fickian kinetics
of the sorption process is evaluated based on the solution proposed by Crank, described
in paragraph 2.1.3. With particular reference to Eq. 2.16, D; can be directly estimated
from the best fitting of the experimental data, obtaining an average diffusion coefficient
for the given pressure jump. On the other side, solubility is calculated directly from the
equilibrium value M, and the initial mass of sample M,. The measure is commonly

corrected taking into account the buoyancy, even though its influence in the present study
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was generally negligible due to the very low vapor pressure used for the experiments and
to the reduced sample size (~ 40 mg) placed on the hook of the spring.

Normally, the sorption isotherm is obtained by successive incremental steps, in which
every time the pressure is increased of a certain amount. In addition, starting from the
measured solubility and the estimated diffusion coefficient for the pressure increase
between two consecutive steps, the permeability value can be calculated, according to the

solution diffusion theory.
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3.12 - Sorption experiment typical output

3.4 IR Spectroscopy

The IR spectroscopy has been used to detect the residual solvent present in the membrane
matrix after different thermal treatment and to investigate the amino-functionalization of
the MWNTs used in the facilitated transport membranes as a mechanical reinforcement.

For Matrimid study, absorbance spectra were taken from a Nicolet Avatar FTIR
spectrometer (32 scan per spectrum with a resolution of 4 cm™), present in Bologna's lab.
A small amount of polymer solution has been poured directly on the crystal and then the
first spectrum has been taken after 24 h in order to reproduce the same conditions

obtained before the thermal treatment. Being the FTIR crystal cell equipped with an
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accurate PID thermal control, a T ramp (1°C/5 min) has been set to reproduce the heating
rate of the oven used for the pretreatment. FTIR spectra were then taken at different T
(namely 50°C and 150°C) to verify the presence in the sample of residual solvent.

To confirm and characterize the amino-functionalization of the nanoparticles added to the
membrane composition, some functionalized fillers samples have been analyzed with an
FTIR spectrometer (Nicolet 470). Due to the significantly high MWNTSs absorbance of
infrared rays [97], the samples have to be diluted with a certain amount of KBr, which is
known to have a negligible absorption in the infrared spectrum. The solid samples of
MWNTs and KBr are firstly pulverized and subsequently compressed in a pellettizer, in
order to obtain a pellet suitable for the FTIR characterization. A weight ratio of 1:20
(MWNT to KBr) is used.

3.5 Density

The density of several polyimide samples has been determined by means of a buoyancy
method, using a Sartorius analytical balance (readability 0.01 mg) and the Sartorius
Density Kit YDKO1 for density determination (Fig. 3.13).
Basically, the measure exploits the Archimede principle and in particular the polymer
density is calculated starting from the specimen weight in air and in a fluid, with a known
density. To minimize the errors related to the measurement, a liquid with a negligible
sorption within the polymeric matrix must be utilized. In the present case, Dodecane was
identified to be the optimal medium to carry out the test. Indeed, it has been showed that
Matrimid samples immersed in such solvent displayed a mass variation lower than 0.3%
after more than 1 h experiment [98].
The density calculation takes also into account the air buoyancy related to the metal wires
composing the hanger, which remain outside the liquid. The formula adopted for the
calculation is the following:

w
AL

ps=(p,—p4) iy (3.3)

where p;s is the density of the sample, pr is the liquid density, p, is the air density, W, and
Wr are the sample weights in the air and in the liquid respectively and CF is the
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correction factors which takes into account the air buoyancy of the wires composing the
hanger [99]. This correction is estimated on the basis of geometrical considerations on the

hanging structure and is calculated as follow:
2
CF =1- 2% (3.4)

where d is the wires diameter and D is the becher diameter, which for the specific

configuration are equal to 0.7 mm and 76 mm respectively.

3.13 - Sartorius Density kit layout
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4. Results

In the present chapter, the experimental characterization obtained for the two considered
materials will be reported. In the first part, the results observed, during a period of 6
months, for the different thermal treatments of polyimide samples will be presented.
Subsequently, the protocol showing the best performance in terms of separation and
stability will be adopted and the effect of water vapor on the gas transport properties will
be illustrated for different gaseous species (CO,, CHs, N, and He). In order to achieve a
throughout characterization, humid gas permeability tests and pure H,O sorption
experiments will be carried out. Finally, the CO, separation performance of the
synthesized facilitated transport membranes will be examined, highlighting the key
parameters able to ensure the membrane stability under high pressure conditions and to

maximize the separation efficiency.

4.1 Aging and thermal treatment effect in Matrimid

As previously described, the structure of polymeric materials in glassy state is kinetically
packed in a non-equilibrium condition, determining the presence of an excess free
volume (Fig. 4.1), with respect to the real thermodynamic equilibrium [38]. Due to
kinetic constraints, the additional free volume cannot rapidly rearrange to facilitate
molecule transport, and for the diffusing penetrants it results as a sort of rigid nanoporous
structure. The distance from the true thermodynamic equilibrium, however, is only a
pseudo-stable condition, since it involves the presence of a driving force, which leads the
structure to evolve over time towards the fully relaxed configuration. The molecular
chains rearrangement, which are very fast in rubbers, are now hindered and they take
place on a very long time scale with respect to normal experimental conditions.

The rearrangements rate obviously depends on the distance from the equilibrium, and in
particular on the energy available to activate the chain motion. In this view, the process
time scale can be accelerated by increasing the system temperature, due to the

enhancement of the energy available for relaxation phenomena. As a consequence, the
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physical properties of glassy polymers are thus affected by thermal history [41,50,100—
102] and physical aging [39,44—46,103,104], which influence the amount of free volume
of the polymer and necessarily also its transport properties, according to the FVT. In
particular high temperature treatments and aging usually cause a densification of the
polymer matrix, thus affecting negatively the membrane permeability, although a slight
improvement of selectivity is usually observed. However since the increase of a is
usually not enough to offset the productivity loss, the overall effect of such phenomena is
a reduction of membrane performances. Understanding the effect of aging and thermal
treatment on membranes materials is thus needed to evaluate their real potential for
industrial applications.
In order to investigate the effect of thermal treatment and physical aging on polyimide
materials, the gas transport properties of Matrimid ( Tg ~ 300°C) have been characterized
after different curing temperature (50,100, 150 and 200°C) and aging time (48, 1000,
2000 and 3000 h). In particular CO, and CHy4 permeability and diffusivity have been
measured at different operative temperature (35, 45 and 55°C) by means of a dry gas
permeometer apparatus, allowing also the calculation of solubility coefficient, according
to the solution diffusion theory.
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Figure 4.1 - Polymeric material specific volume as a function of temperature

48



Chapter 4

4.1.1 Thermal treatment

The results obtained for un-aged samples, cured with different thermal protocols, are
reported in Figure 4.2 and 4.3 for CO, and CHy4 respectively. The data show that the
thermal history is clearly affecting the polymer transport properties: at 35°C, the CO,
permeability drops from 17.9 Barrer observed in Ma50, to 11.8, 9.7 and 9.5 Barrer
measured in Mal00, Mal50 and Ma200, respectively (Appendix, Table A.l).
Permeability is thus constantly reduced by increasing the curing temperature up to 150°C,
showing a 50% drop (Fig. 4.2). However, a further T increase (Sample Ma200) does not
show any significant variation, suggesting that a sort of plateau for CO, permeability is
achieved. As expected, by increasing the test temperature (45 and 55°C), permeability
values increase for each pretreatment temperature considered. Clearly, similar trends
were obtained at the three operative conditions as a function of pretreatment temperature.
Analogous behavior was also observed for CHy permeability: at 35°C, the permeability
of Ma50 sample was 0.46 Barrer, and decreased to 0.30 Barrer for Mal00 and to 0.24
Barrer for Mal50. Similarly to what observed for CO,, also methane showed no
significant changes between Mal50 and Ma200, at 35°C as well as at other test
temperatures. Both CO, and CH,4 permeability of Mal50 and Ma200 samples are in good
agreement with literature data, for those cases in which similar thermal pretreatment and
casting procedures of the samples were carried out [105-108]. Indeed, it must be taken
into account that also solvent used to obtain the casting solution can affect the transport
properties [109] and DCM is reported to produce Matrimid samples with the highest
permeability with respect to the use of other solvents such as dimethylformamide,
dimethyacetamide or tetrahydrofuran. Indeed, due to its rather low boiling point,
evaporation rate is faster for DCM than for the other solvents, resulting likely in a higher
amount of free volume in the matrix, compatible with faster penetrant diffusion.

The diffusivity values obtained from time lag measurements (Eq. 2.12) are showed in
Figure 4.4 and 4.5. All values are in the order of 10 cm?/s and are in good agreement
with data usually observed in glassy polymers and in particular with those already
available for carbon dioxide and methane in Matrimid [106]. As expected, the penetrant
with the larger kinetic diameter (CH4) showed lower value of diffusivity with relative

differences even higher than those which could be observed for permeability, confirming
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that the change in permeability due to thermal pretreatment or aging is mainly driven by

the evolution of diffusivity rather than solubility coefficient.
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Figure 4.2 - CO, permeability of Matrimid for different thermal treatments (p" = 2 bar)
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Figure 4.3 - CH, permeability of Matrimid for different thermal treatments (p* = 2 bar)
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Figure 4.4 - CO, diffusivity coefficient of Matrimid for different thermal treatments (p" = 2 bar)
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The relative variation of diffusivity and permeability due to thermal pretreatment is
reported in Figure 4.6 for the different sample inspected. The behaviors showed by
diffusivity and permeability are very similar, with a large variation between from Ma50
and Mal00 and a generally minor changes between Mal00 and the samples treated at
higher temperatures.

The experimental data set is particularly interesting because it shows substantial
differences in the polymer properties even though the pretreatment was always conducted
below the polymer glass transition temperature, where the relaxation phenomena are
usually considered slow. However differences are definitely evident and suggest a well
defined evolution of polymer free volume with the pretreatment conditions. The high flux
observed in samples treated at the lower temperature seems thus to be related to a larger
fractional free volume available in these specimens, which decreases when higher
pretreatment temperatures are considered. In this concern, it is interesting to notice that
Comer et al. [110] identified a secondary relaxation for Matrimid at 80°C, which can be
responsible of the observed variation of transport properties with thermal treatment; the
fact that the maximum changes in transport properties are observed between Ma50 and

Mal00 samples therefore is fully consistent with that interpretation.
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Figure 4.6 - Relative diffusivity and permeability as function of the treatment T
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As a possible alternative motivation for the observed behavior one could also consider
that the solvent might not have been fully evaporated from the as-cast samples and is
progressively removed as the pretreatment temperature is increased. Joly et al [111]
disclosed that the gas transport properties of polyimides can be greatly affected by the
presence of residual solvent within the polymer matrix. FTIR analysis has been carried
out to investigate the presence of residual solvent within the matrix and the results are
showed in Figure 4.7. At first, a spectrum of the solvent has been taken (black line).
Afterwards, a Matrimid sample was casted on the FTIR crystal, as described in paragraph
3.4. A spectrum of the polymer was taken after 24 hours from casting, to reproduce the
experimental condition after solvent evaporation (red line). Subsequently, a temperature
ramp was set up to 50°C and a spectrum was taken after 24 hours treatment, in order to
re-create the oven condition (blue line). The same procedure was repeated for a higher
temperature (150°C), to evaluate possible differences between the two thermal treatments

(green line).
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Figure 4.7 - FTIR spectra of DCM and untreated, Ma50 and Mal50 samples

Comparing the spectra of the untreated and the 50°C cured polymer in the DCM

characteristic region (680—770 cm™), it is evident that a considerable amount of solvent
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has been removed by the considered thermal treatment from the polymer matrix, as could
be expected considering the boiling point of the solvent (39.6°C). Indeed, the Ma50
spectrum shows a marked decrease in correspondence to the DCM characteristic peaks
wavenumber. Increasing the treatment temperature to 150°C, no further solvent removal
was detected via FTIR measurements. Thus the decrease of permeability with increasing
the thermal treatment conditions suggests that relaxation phenomena dominate over any
possible effect related to the residual solvent removal.

In Figure 4.6 it is also noted that the decrease of the diffusion coefficients of both CO,
and CHy is larger than the parallel decrease in the permeability values, so that an increase
of the solubility coefficient is also associated to the thermal treatments. The observed
effects on diffusivity and solubility as well as the differences between CO, and CH, are
not simple to rationalize and to relate univocally to well identified structural variations.
Many authors [49,102,112] reported for different polymers that the variation of the
permeability value due to a reduction of fractional free volume is related to a decrease of
both the diffusivity and the solubility coefficients. However, while this behavior is
completely general for diffusivity, in case of solubility several exception have been
reported and usually related to the decrease of free volume associated to a more complex
relaxation phenomena: e.g., Laot et al. [50] presented a decrease of diffusion coefficient
and a simultaneous increase of the solubility in polycarbonate samples subject to different
cooling rate, attributing the behavior to a change of the molecular chains mobility.
Furthermore, Vaughn et al. [47], studying the annealing effect on a polyamide-imide
membrane, suggested the occurrence of a thermally activated planarization process of
polymer chains. In particular, they reported the overcoming of the rotation energy barrier
for the bond between a phenyl group and the imide group, which happens to be present
also in the chemical structure of Matrimid. The different configuration leads to a re-
distribution of the fractional free volume inside the polymer matrix, affecting the
transport properties of the material in a way which resembles the one here reported. It is
therefore possible that in the present work the structural relaxation suggested by the data
is not just related to a decrease of free volume but to a more complicated rearrangement

and to a stiffening of the polymeric chains.
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Comparing the behavior of the two gases, the different pretreatments always induce
higher variations, i.e. decrease in permeability and diffusivity, for methane than for CO,.
As a consequence, the ideal selectivity of CO, vs CHy is slightly enhanced at higher
pretreatment temperature, as it can be seen in Figure 4.8 where selectivity is reported in
the Robeson’s plot for all sample and test temperatures investigated. The samples
pretreated at the lower temperature are closer to the upper bound curves and thus exhibit
the best performance for the CO,/CH4 separation; the increase in selectivity at higher
pretreatment temperature, indeed, is not high enough to counterbalance the permeability
drop observed for those samples [30,31,113,114].

From Figure 4.8 it is also possible to notice that CO,/CHy4 selectivity is not favored by the
increase of the operative temperature, similarly to what reported for other polymers and
polyimides [115]. Indeed, a T increase corresponds commonly to an enhancement of gas
permeability, due to the positive effects on the diffusion coefficient related to a higher
molecular chains mobility. However, methane, endowed with the larger kinetic diameter,
undergoes a larger increment compared to CO,, determining a decrease of ap (diffusivity
selectivity, Eq. 1.15); simultaneously, the CO, solubility coefficient is reduced by the T
increase to a larger extent if compared to CHy4 [82], with a consequent decrease of og
(solubility selectivity, Eq. 1.15). The negative variation of the two factors (op and os)
results in the lowering of the overall membrane selectivity.

As a consequence of the two simultaneous effects (on permeability and on selectivity),
the T increment corresponds to the reduction of the membrane separation performance,
inasmuch as the increase in permeability is not enough to offset the loss in selectivity of

the membrane.
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Figure 4.8 - Robeson Plot of Matrimid pretreated at different temperatures

The permeability values obtained at the three operative temperatures follow a clear
Arrhenius-type of behavior (see Chapter 1, Eq. 1.5) for each thermal treatment, with a
coefficient of determination of the linear regression always larger than 0.99 (Fig. 4.9 and
4.10). The activation energies and the Arrhenius pre-exponential factors for CO, and CHy
obtained at different thermal pretreatment are reported in Figure 10. As expected, the
penetrant endowed with the larger kinetic diameter shows the higher activation energy
values. The activation energy of CO, permeation is not significantly affected by the
thermal treatment, with an average value of 7.9 kJ/mol, while a slight activation energy
decrease is observed for methane with increasing pretreatment temperature. For the latter
penetrant Ep varies from 25.6 kJ/mol for Ma50 sample to 21 kJ/mol for the specimen
treated at the higher temperature. The pre-exponential factor, on the other hand, shows
more pronounced decrease for both penetrants; for CO,, in particular, a decrease of 41%
is observed between the samples pretreated at 50°C and at 200°C, whereas for CHy4 the
change is even more significant, close to one order of magnitude. Consistently with the
free volume theory, the decrease in Py is associated to a free volume decrease (see
Chapter 1, Eq. 1.4), which affects to a higher extent the penetrants with the larger kinetic

diameter.
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temperature.

4.1.2 Aging

The effect of aging on the gas transport properties of Matrimid was monitored for more
than 3000 hours repeating the permeation experiments about every 1000 h from the
sample casting. The variation of CO, and CH4 permeability at 35°C is showed in Figure
4.12 and 4.13 as function of aging time, for the four different pretreatments; the complete
set of data obtained during the experimental campaign is reported in Table A.1. The
Ma50 sample exhibits a faster aging rate compared to the other specimens, with an
overall permeability decrease of 25% during the investigated period. Conversely, a
different behavior is observed for the samples treated at higher temperature: a limited
decrease in permeability was obtained for Mal00 specimen, whereas no significant
variation of the transport properties was detected for Mal50 and Ma200 membranes for
the entire duration of the aging study. Similar trends were also obtained for the other two
test temperatures of 45 and 55°C.

These results are in agreement with the general interpretation, previously presented, for
the behavior of permeability and diffusivity of un-aged samples. The samples with the

larger departure from equilibrium conditions is subject to the faster aging; its evolution
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over time leads to a configuration progressively closer to those initially obtained by
higher temperature pretreatments, which in turn results more stable during the
investigated period of time. Indeed, after almost 3000 hours the CO, permeability of the
Ma50 sample ends up very close to the value observed for the un-aged (tested within the
48 hours after their thermal treatment) Mal00 sample which, on the other hand, shows
much more stable transport properties. The permeability measured in Mal50 and Ma200
samples appears as the long time asymptotic value for aged Matrimid.

In parallel, the aging protocol seemed also to affect materials mechanical properties,
beyond permeability and diffusivity. More precisely, the different samples became
progressively more fragile and some of them even broke before the end of the study. In
particular Mal00 samples could be studied only until 2208 hours, since all of the
specimens fractured after the second and third set of tests (1000 and 2000 h) and no

samples were left to proceed with further tests at longer times.
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Figure 4.12 - CO, permeability for different thermal treatments as function of aging time (35°C, 2
bar). The dashed lines do not represent any analytical model, they are just use as guidelines

By comparing the behavior of different gases, it can be noticed that also with aging time
the variation of CH4 permeability is more marked than that of CO,, for the samples
treated at the lower temperature, which shows a 34% decrease for methane but just a 25%

decrease for CO,. As a consequence, a slight increase of the CO,/CH4 selectivity is
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observed for the aged sample treated at 50°C. Therefore, the evolution induced by aging
time and the changes induce by the different pretreatment temperatures follow a parallel
path in the polymer structures, which cause in both cases a decrease in permeability and a

slight increase in selectivity.
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Figure 4.13 - CH,4 permeability for different thermal treatments as function of aging time (35°C, 2
bar). The dashed lines do not represent any analytical model, they are just use as guidelines

Also the behavior of diffusion coefficient undergoes significant changes (Appendix,
Table A.1) similar to those observed for permeability, but it is more affected by aging
time than permeability. Indeed, in case of CO,, D decreases by 52% after 3120 hours
aging, whereas for CH4 an even more significant decrement is observed, with a reduction
of 68% of the initial value. Analogous results were detected also at the other inspected
temperatures. Therefore, also for gas diffusivity in Ma50 samples the effects of physical
aging are similar to those induced on the polymer matrix by the thermal treatment. The
similar relative decrease observed for both permeability and diffusivity suggests that
thermal treatment and aging time have an analogous effect on the structural properties of
the polymer, related to the reduction of the fractional free volume.

Likewise in the case of aged samples, the temperature dependence of gas permeability

follows rather closely an Arrhenius-type behavior, with a coefficient of determination
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always higher than 0.988, allowing a reliable evaluation of permeability activation energy
and pre-exponential factor. The time evolution during the aging period of the activation
energy and the pre-exponential factor in Ma50 sample are showed in Figure 4.14. The
value of E, for CO; is not significantly influenced by the aging phenomenon, since no
change was observed during the whole time period investigated. Conversely, as in the
case of the thermal treatment, the CH,4 activation energy showed a slight decrease over
aging time, varying from an initial value of 25 kJ/mol to 23 kJ/mol after 2904 hours
aging.

Results in line with what observed in the case of the effect of thermal treatment were
obtained also in case of the pre-exponential factor for permeability, Py, of Ma50 samples
which decreased significantly over time. In particular, similarly to what already observed
for different thermal treatments, the effect transport properties are more relevant for CHy
than for CO,. A reduction of P, of about 75% of the initial value (from 9900 to 2500
Barrer) is detected for methane permeability, while for the CO, the decrease is limited to
a less than 35%, from 370 to 250 Barrer. Again, the marked decrease of the pre-
exponential factor is a clear indication that the fractional free volume is reducing inside

the polymer matrix, due to polymer chains rearrangement.
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4.2 Water vapor effect on gas permeability in Matrimid

Water is a minor compounds frequently present in several separation processes and, as
previously discussed, it can affect the permeation of small penetrants across the
membrane in different ways. So, the study of H,O influence on the gas transport
properties is a fundamental aspect which must be investigate at the lab scale for a further
scale up of the membrane separation process.

Aromatic polyimides are known to be hydrophobic or weakly hydrophilic polymers,
since the molecular chain groups present generally a low affinity for polar compounds.
Lokhandwala et al. [116] reported the water sorption in 4 different 6FDA-based
membranes, varying the diamine moiety. Even if appreciable differences have been
observed related to the different diamine nature, the water uptake at high activity has
always been reported to be lower than 3.2 wt%. A similar behavior has been observed for
6FDA-TMPDA [60], with a water concentration in the polymer matrix of 3.7 wt%
obtained for an activity of 0.8, whereas 6FDA-ODA showed an even lower water
concentration (2.2 wt%) for an R.H. value equal to 85% [57]. The main reason for the
poor water sorption of 6FDA-based polyimide may be related to the hydrophobic
character of the CF; groups of the dianhydride moiety. However, the water uptake
remains low even for other dianhydrides: a PMDA-based commercial polyimide from
Dupont, Kapton®, absorbs a water amount equal to 2.7 wt% [117] at saturation
conditions, and this quantity increases slightly for BPDA-based polyimides even though
it is reported to be always lower than 5.6 wt% for a T range between 25 and 50°C
[57,118].

Despite the low water uptake, frequently polyimides exhibit relevant variation of gas
permeability at increasing the water concentration within the membrane [60—62]. Hence,
the characterization of Matrimid performance under humid conditions has been deeply
investigated, coupling permeation tests at various water activity with pure water sorption
experiments. Combining the results obtained from both experiments, it has been possible
to correlate the permeability for a given R.H. of the gaseous flow in the upstream side of
the membrane directly with the water concentration within the membrane matrix. Indeed,
as previously described in the experimental chapter, the permeability under humid

conditions is measured for a water concentration in the membrane at the equilibrium with
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the humid stream. This particular measurement is not frequently reported in literature,
since normally in mixed permeation tests with water vapor, the R.H. values are different
on the two sides of the membrane [60,63].

In addition, a systematic approach will be adopted for the investigation of water vapor
influence on permeability in Matrimid, exploring different penetrants and thermal
conditions. Hence, the study aims at pointing out the physical phenomena related the
variation of the transport rate, enhancing the understanding of the involved fundamental

mechanisms.

4.2.1 Water Vapor Sorption
The sorption experiments have been carried out by means of the quartz spring
microbalance apparatus at three different operative temperatures (25, 35 and 45°C) and

the obtained results are showed in Figure 4.15. As expected, the mass ratio Q, ,,
measured in g, ,/g,, . is found to decrease at increasing T for a given water vapor

pressure of the bulk phase. The experimental data at 35°C are in line with previous
literature results for Matrimid [60,82] and a substantially linear behavior of the sorption

isotherms is showed, as already reported for other polyimides [59,116] .
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Figure 4.15 - Water sorption isotherms for Matrimid as function of H,O pressure
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However, when the H,O solubility is plotted as a function of driving force of the
absorption process, i.e. water activity, the sorption isotherms tend to merge into a single
curve (Fig. 4.16). The activity is approximated here by the relative vapor pressure p/p"
where p’ is the saturation pressure at the given temperature. In the plot, the water uptake
corresponding to the unitary water activity has been obtained by immerging a Matrimid
sample directly into the liquid at 35°C and it is in good agreement with the results
obtained from the vapor tests. In the low activity range, a linear trend of the sorption
isotherms can be observed, but at higher values a clear upturn is displayed, likely related
to the clustering phenomena, as reported for other polyimides [58,59,117]. A more
detailed analysis of the sorption isotherms will follow in the modeling part of the present

thesis (Chapter 5).
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4.16 - Water sorption isotherms for Matrimid as function of R.H.

As reported in paragraph 3.3, the experimental setting allows also the evaluation of the
sorption process kinetics, from the best fitting of the single incremental step curves
through Eq. 2.16. In this framework, the estimated value of the diffusion coefficient is
obtained for a driving force corresponding to the pressure variation within the single step

of the sorption experiment. Diffusion process showed a Fickian behavior, no relaxation
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were observed during experiments, and in all case a more than satisfactory description of
the experimental data was obtained considering a constant diffusivity along the step.
Figure 4.17 shows the H,O diffusion coefficient for Matrimid, evaluated at different T as
a function of water mass fraction in the membrane, calculated as the mean value between
the initial and final mass fraction of the single sorption step. The obtained data are in the
range of 10 cm?/s, typical for H,O vapor in polyimide materials [57,116,117] and, as
expected, the diffusivity is found to increase along with the operative temperature. A
negligible dependence of D is observed over the studied water concentration range within
the membrane matrix, for the three experimental conditions (25, 35 and 45°C). Similar
behavior has been observed also for Kapton [119], whose water sorption behavior is

similar to the one observed for Matrimid.
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Figure 4.17 - Diffusion coefficient of water vapor in Matrimid
as a function of water vapor mass fraction within the polymeric matrix

Moreover, the evaluation of the kinetic and the thermodynamic parameters of water
transport in Matrimid films allows the calculation of H>O permeability, in the framework

of solution diffusion mechanism. Figure 4.18 shows the outputs for the investigated
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thermal conditions. Despite the data scattering, mainly related to the estimation of the
diffusion coefficient for such a hydrophobic matrix, it appears that the permeation
coefficient tends to increase along with the water concentration within the membrane, as
reported for polyimides [116]. In addition, the observed diffusion coefficient values are
similar to literature data, reported for Matrimid [120]. However, conversely to what is
normally found for incondensable species, the H,O transport rate is showed to decrease at
increasing the operative T. This effect has been documented for other polyimide-based
copolymer [121] and it may be mainly related to the fact that for condensable penetrants
the solubility coefficient has a dominant role on the H,O permeability. Hence, at
increasing the operative temperature, the increase of the diffusion coefficient is not large
enough to contrast the solubility reduction, resulting in an overall decrease of the

transport rate across the membrane.
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Figure 4.18 - Permeability of water vapor in Matrimid as a function of the R.H. in the feed side
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4.2.2 Gas permeability under humid conditions

The transport properties of different gaseous penetrants (CHy, N,, CO, and He) have been
investigated in a wide range of water activity (0 - 75% R.H.) for different thermal conditions (25,
35 and 45°C). The penetrants choice was made in order to investigate different gas
characteristics, in terms of kinetic dimensions and condensability (Table 1.1), which affect
diversely the diffusion and solubility coefficients. The results are showed in Figure 4.19 - 4.22.
The dry gas permeability obtained is in good agreement with literature data for all the
investigated species [105-107,122,123] and also with the permeability obtained for Ma200
samples, showed in the previous paragraph. The data set suggests a diffusion controlled
permeation process, as usually encountered in glassy polymers, because the permeability scales

qualitatively with the kinetic size of the penetrating molecules (Py. > PCO2 > PN2 > Pcnu . with dy pe

<dgco, <din, <dicn, )
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Figure 4.19 - CH, permeability vs R.H. at the 3 operative T (25, 35 and 45°C) and p,= 1 bar
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Figure 4.20 - N, permeability vs R.H. at the 3 operative T (25, 35 and 45°C) and p,= 1 bar

12 ’ T y T v T J T y T v T T T
11 A 25°C @ 35°C O 45°C |

CO, Permeability (Barrer)
(o] =~

3 I 1 L 1 L 1 1 1 1 1 L L 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

H,O Activity

Figure 4.21 - CO, permeability vs R.H. at the 3 operative T (25, 35 and 45°C) and p,= 1 bar
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Figure 4.22 - He permeability vs R.H. at the 3 operative T (25, 35 and 45°C) and p, = 1 bar

Among the different gases, helium is the most permeable one, with pure dry gas permeability
raging from 21.5 to 30.3 Barrer for the different thermal conditions inspected, followed by CO,
(P ranging from 8.4 to 10.7 Barrer), N, (0.20 - 0.35 Barrer) and CH,4 (0.16 - 0.31 Barrer). As
usually observed for diffusion-controlled processes, the permeability of the incondensable
gaseous species considered increases monotonously with T; on the contrary, gas permeability is
reduced by the presence of water, as often reported for hydrophobic materials as well as for
Matrimid® [60] and other polyimides such as Kapton® [124], non-sulfonated CARDO/ODA
copolyimide [125] and (6FDA-TMPDA) [24].

Interestingly, for all the gases inspected a very similar permeability decrease has been
obtained as a function of R.H., as showed in Figures 4.23 - 4.25, in which the ratio
between humid gas (P) and dry gas permeability (Py) is reported for all gases at a
temperature of 35°C. On the average, the gas permeability was decreased by 6% of the
dry value at 0.05 of water activity, and then further lowered: 10% at 0.1 activity, 20% at
0.25, 34% at 0.5, and finally about 50% at 0.75 R.H.. The same trend is common to all
gases, including CO,, which is known as a plasticizing agent for Matrimid (although in
the high pressure range, ~ 10 bar) and has the higher affinity to water with respect to the

other penetrants considered.
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permeability Py for the investigated gases at 45°C (p, = 1 bar)

Chen et al. [60] reported a similar qualitative behavior for gas permeability in humid
conditions for Matrimid, at various water activities. Quantitative comparison with the
data reported in ref. [60] is not simple due to the different experimental setup used in that
work, in which water vapor is present only on the feed side and is a permeating species,
with a water concentration profile established across the membrane. However, a
substantial agreement is obtained by comparing, as a first approximation, the data at the
same average water content within the membrane in the different experiments. In this
way, the decrease in permeability reported in Chen's work is only slightly lower than the
one here presented for CHy4 (about 25% of the dry value at 35 °C for water activity of the
feed side close to 1), whereas it is rather comparable for the case of CO,.

By varying temperature at constant R.H., the permeability under humid conditions
increases with trends similar to those observed for the dry gas permeability, and the same
effect of R.H. on permeability is observed at 25, 35 and 45 °C. Indeed, the analysis of
P/Py (Fig. 426 - 4.28) for all the penetrants shows a very similar trends at the

investigated three temperatures, as the curves substantially overlap with one another at
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least at activity values up to 50% and shows only limited differences at the higher R.H.
investigated. However, it must be noticed that at increasing the water content in the feed
stream, the uncertainty related to the measurement tends to increase (Appendix, Table
A.2), affecting more significantly the low permeable gases.

To better understand the observed behavior it is worthwhile to recall the slight
dependence on temperature of water solubility in Matrimid, previously described. As
water solubility is not thermally affected, the same amount of water is present within the
membrane at different temperatures for any given R.H., resulting in a reduction of humid

gas permeability very similar for all gases and at all temperatures investigated.
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Figure 4.26 - P/P, for CH, at different temperatures (25, 35 and 45°C) as a function of R.H.

72



0.8 |

o 0.7

P/P

0.6

0.5

04

[ a2
09F A

A 25°C o 35°C o0 45°C

Do

0.0

0.1

0.2

0.3 | 04 | 0.5 | 0.6 0.7
H,O Activity

0.8

Chapter 4

Figure 4.27 - P/P, for N, at different temperatures (25, 35 and 45°C) as a function of R.H.
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Figure 4.29 - P/P, for He at different temperatures (25, 35 and 45°C) as a function of R.H.

Figure 4.30 and Figure 4.31 illustrate the membrane separation performances in a
Robeson plot [30,31] reporting CO, permeability along with CO,/CH4 and CO,/N, ideal
selectivity respectively, at the various water activities and temperatures inspected.
Matrimid has properties very close to those of many commercial membrane materials
used for gas separations, even though well below the upper bound, and it is thus suitable
to be used as membrane for CO,/CH4 or CO,/N, separation, at least in low pressure
processes, so that CO,-induced plasticization is prevented. As it often occurs in polymer
membranes, with increasing temperature the permeating flux increases, while selectivity
is reduced. On the contrary, in the presence of water, the permeability in Matrimid
decreases by almost the same extent for all gases, while the separation factor is not
significantly influenced by the presence of H,O, thus leading to a decrease of the overall
membrane efficiency in terms of distance from the upper bound. This is apparent e.g.
from the experimental data at 25 °C for the CO,/CH4 in which the ideal selectivity is
constant at different water concentrations in the membrane and CO, permeability is

reduced with increasing R.H. At 35 and 45 °C similar results are obtained, with a slight
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increase in selectivity at the higher activities, related to a difference of the factor P/P, of

CO, with respect to the other gases.

Ll A 25°C o 35°C o 45°C

Upper Bound 2008

Upper Bound 1991

o CO /CH,
3

[9)]
o

10

5 10 50
CO, Permeability (Barrer)

Figure 4.30 - Robeson Plot for CO,/CH, selectivity as function of R.H.
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Figure 4.31 - Robeson Plot for CO,/N, selectivity as function of R.H.

75



Chapter 4

4.2.2.1  Activation Energy

The analysis of temperature effect on gas permeability confirms that the experimental P
values follow an Arrhenius behavior (correlation coefficient always higher than 97%)
both in dry conditions, as well as at any fixed R.H. Therefore, the activation energy of
permeation process (Ep;) for penetrant i can be evaluated over the entire water vapor

activity range throughout the following relationship:

Ep, [ OlnR
R (a(vmlﬂ. D

Equation 4.1 defines an effective quantity, since the activation energy is calculated at

constant relative humidity in the external gas rather than at constant composition in the
membrane, as already pointed out by a previous work of our research group [32].
However, no significant differences are observed in the water solubility isotherms at
different temperatures [126]. Consequently, at constant R.H., the overall composition
inside the membrane is substantially the same for the investigated thermal conditions, and
Ep; provides a meaningful estimation of the actual activation energies for permeation in
Matrimid at various water activities.

Figure 4.32 shows the trends of the activation energies versus R.H. measured for the four
different penetrants. The Ep; values calculated in dry conditions agree quite well with
literature data [106,127,128], and for the less condensable gases such as He, N, and CHa,
they increase with the kinetic diameter, as is often the case for glassy polymers. In fact,
for these penetrants the permeation process is controlled by diffusion and at increasing
the kinetic size a higher energy barrier must be overcome to allow the single molecule to
jump from one available site to another one. On the other hand, CO, showed the lowest
Ep; value among the gases considered, likely in view of the larger contribution of
solubility to the permeation mechanism.

As one can see in Figure 4.32, the effect related to the presence of water vapor on the
activation energy of permeation is rather limited up to approximately 25% R.H. for all the
gases investigated. At the highest R.H. values (50% and 75%), Ep shows different trends,
decreasing in case of N, and CH4 and increasing for CO, and He. However, the behaviors

displayed are likely related to the intrinsic uncertainty of the measurement (Appendix,
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Table A.2). Hence, a small variation on the permeability values, may have a higher

influence on the calculated activation energy value.
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Figure 4.32 - Activation energy for CH4, N,, CO, and He as function of R.H.

4.3 Facilitated transport membranes

The main issue of facilitated transport membranes, together with the carrier saturation
phenomena, is related to the separation performance stability under high pressure
conditions. Bai [75] reported that the selective layer of these composite membranes
undergoes a relevant compaction after being expose at high pressure (15 atm) for more
than 500 h (Fig. 4.33).

In order to overcome the limit of these promising membranes, multi-walled carbon
nanotubes (MWNTs) have been used as mechanical reinforcement, due to their
outstanding mechanical property [129,130], embedding them in the polymer matrix and
producing mixed matrix membranes (MMMs). The nanoparticles were amino-
functionalized in order to increase the hydrophilicity of the graphene structure, thus the
affinity with the polymeric matrix. In addition, three different long chain amines were

used as fixed carriers and their effect on the membrane performance at 15 atm has been
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studied, disclosing the importance of the high molecular weight species amount in the

membrane composition for high pressure (up to 28 atm) conditions.

WD24 .0mm 5.00k¥ x1.0k 50um

Figure 4.33 - SEM images of the cross-section of amine-based facilitated transport membranes

before (A) and after the stability test at 106°C and 15 atm (B) [75]

Two different gas compositions have been used for the membrane characterization, in

order to fully investigate the potential of these materials with particular reference to
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natural gas sweetening and H; purification. The effect of different chemical and physical
parameters have been highlighted in order to achieve a more comprehensive
understanding of the transport mechanism and to optimize the separation process. In
particular, the influence of the inorganic loading, water content of the sweep stream, the

operative temperature and of the selective layer thickness has been inspected.

4.3.1 MWNTs characterization

Figure 4.34 depicts the FTIR spectra of raw MWNTs and the two functionalized
MWNTs, i.e., AT-MWNTs and AF-MWNTs. The spectrum of raw MWNTs is presented
in Figure 4.34a, which identifies two groups of peaks: (1) the C=C bond peaks at 1632
cm™ and 1500 cm™ and (2) the C—H alkyl bond peaks in the region of 2923 — 2850 cm™
[131]. The first group of peaks shows the typical carbon skeleton in MWNT structure,
whereas the second group is in correspondence to the presence of defects in the

nanotubes walls and end parts generated from the fabrication process.
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Figure 4.34 - FTIR spectra of raw MWNTs (a), AT-MWNTs (b), AF-MWNTs (c).

The treatment by strong acid oxidation introduced carboxylic acid groups and hydroxyl

groups on raw MWNTs. As showed in the FTIR spectrum of AT-MNWTs (Fig. 4.34b),
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new peaks appear at 1708 cm™ relating to C=0 stretching vibration of —-COOH, 1384 cm’
"in correspondence to O—H bending deformation of -COOH and/or —OH, and 1166 cm™
for C—O stretching in —COOH [87,90,132]. The presence of these new chemical groups
confirms the effective surface functionalization for the nanotubes.

Figure 4.34c shows the spectrum of MWNTs after the amine functionalization.
Compared with Figure 4.34b, the peak at 1166 cm™ representing C—O stretching in —
COOH decreases. Meanwhile, two new shoulders, at 1047 cm™ corresponding to the Si-
O-C bond and 1102 cm™ corresponding to the Si-O-Si bond [78], raise on this wide peak.
The above evidence affirms that the condensation of hydroxyl groups took place between
the AT-MWNTs and APTES as well as the aminosilane molecules themselves [89,90].
Thereby, the amino groups from APTES were successfully grafted on MWNT surface.

4.3.2 Membrane performance at 15 atm

Facilitated transport membranes are known to be able to couple high CO, trans-
membrane flux and very good selectivity versus other gaseous species, thanks to the
chemical reaction mechanism, described in Chapter 1. In the open literature [69,71],
different fixed carriers, such as polyallylamine (PAA) and polyethylenimine (PEI), have
been used coupled with mobile carriers for facilitated transport membranes synthesis.
Nevertheless, the use of polyvinylamine (PVAm) was always limited on the fixed-site-
carriers membrane applications [74,133]. Theoretically, the higher N/C atoms ratio of
PVAm compared to PAA and PEI should increase the reactive site availability per unit
volume of the selective layer, enhancing the CO, facilitation factor and, hence, the
membrane performance. Therefore, in the synthesis of the first samples, the PVAm was
used as fixed carrier adding Lupamin as received in the casting solution composition
(Samples S-01, S-02, S-03, Table 3.1).

Initially, low pressure tests were carried out for a membrane containing 22.3 wt%
Lupamin (Sample S-01, Table 3.1). The operative conditions were chosen according to
the research group know-how and the membrane performance are reported in the
Appendix (Table A.4). The CO, permeability of 3157 Barrer is similar to the one
obtained using unhindered PAA [18], even though a better CO,/H, selectivity is

achieved. Also Zou et al. [73] reported a comparable permeability value for similar
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operative conditions, but a higher CO,/H; selectivity, likely related to a thicker selective
layer, compared to the one used in the present study. Furthermore, Figure 4.35 shows the
Robeson Plot [31] for the CO,/CHy4 separation and it is possible to appreciate the
remarkable results achieved by these membranes, with respect to the state-of-art of
solution-diffusion-based membranes. In particular, the capability of facilitated transport
mechanism to overcome the typical solution-diffusion trade-off may be observed, thanks
to the CO, transport rate chemical enhancement.

Despite the good results obtained for low pressure conditions, when the total feed
pressure was increased to 15 atm, stability issues arose. In particular, the carbon dioxide
flux across the selective layer was found to decrease soon after the steady state was
reached (Fig. 4.36, the CO, GC peak area is proportional to the CO, permeability) and
the CO,/H, selectivity turned out to be significantly lower if compared to previous results
obtained in the research group [78]. In addition, with respect to the low pressure tests,
when the membrane was removed from the sample holder, brownish spots were found in

the back of the support, giving evidence of a weak membrane integrity.
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Figure 4.35 - Robeson Plot for the CO,/CH, separation,
for the MMM at 2 atm (e, S-01, Table 3.1) and 15 atm (A, S-08, S-09, S-10, Table 3.1)
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In order to solve the problem, the total solid composition of the investigated samples was
finely analyzed. In particular, the high molecular weight species (HMwS) amount,
identified as the sum of the crosslinked PVA-POS network and the polyamines, has been
calculated for several tested samples (in Table 3.1 only 2 samples containing Lupamin
are reported for brevity sake). Due to the presence of sodium formate in Lupamin
commercial composition (66.6 wt%, solid matter base), the HMwS amount was found to
be low (< 35 wt%, Fig. 4.37) and likely responsible for the poor membrane performance.
In view of keeping the right balance between the species present in the total solid
composition, a purification of Lupamin was carried out [86] and using a specific
purification procedure, previously mentioned, the long chain polymer concentration of

the PAm solution increased up to 66.6 wt%.
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Figure 4.36 - CO, GC peak area of the permeate stream over time
using Lupamin as fixed carrier (p* = 15 atm)

After purification, new test were performed on samples produced with slightly different
protocol in order to maintain a similar PVAm amount in the final membrane. However,
the PVAm refinement did not improve the membrane performance (Sample S-04 and S-
05, Fig. 4.37 and Table A.4), neither in terms of stability nor selectivity. On the other
hand, when polyallylamine was used as fixed carrier, a sudden results increase was

achieved (Fig. 4.37). Due to the higher PAA purity grade, it was possible to reach higher
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values of the HMwS amount in the total solid composition (> 55wt%, Fig. 4.37),
improving both the membrane stability (Fig. 4.38) and doubling the CO,/H; selectivity
values obtained for Lupamin or purified PVAm. The results for samples from S-06 to S-
11 are summarized in the Appendix (Table A.4): averagely a CO, permeability of 957
Barrer, CO,/N, selectivity of 384, CO,/H; selectivity of 56 and CO,/CH,4 selectivity of
264 are achieved. Likely, an increased of the amount of long chain polymers in the
membrane composition helps in obtaining a more stiff polymeric matrix. The water-
induced swelling was hence reduced, preventing any possible carrier leakage for the
investigated conditions.

Compared to the low pressure results, an evident decrease of the membrane performance
was observed (Fig. 4.35), which may be attributed to the carrier saturation phenomenon
[96]. Indeed, the concentration of carriers molecules per unit volume of the selective
layer is fixed for a given composition, hence, the amount of available sites for the CO,-

carrier complexes formation is limited.
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Figure 4.37 - CO,/H, selectivity as a function of the high molecular weight species amount
present in the membrane total solid composition for different PAm used as fixed carrier (p = 15

atm, T = 107°C).
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Figure 4.38 - CO, GC peak area over time using PAA as fixed carrier (p* = 15 atm)

Increasing the CO; pressure on the feed side of the membrane, an upper bound is reached
by the complexes, so that the CO; flux related to the chemical reaction becomes constant.
Hence, the total CO; flux increases only due to the physical transport, reducing the CO,
permeance [76], thus its permeability. On the other hand, the solution-diffusion flux of
other penetrants increases linearly with pressure, so that carrier saturation affects
negatively also the separation factor.

Despite the carrier saturation influence on permeability and selectivity, Figure 4.35
shows that the performance of the samples obtained using PAA as fixed carrier remain
still relevantly above the Robeson upper bound for the CO,/CH4 separation for the high
pressure conditions. The achieved results at 15 atm feed pressure make these membranes
particularly attractive for natural gas sweetening. Additionally, considering that water
catalyzes the facilitated transport mechanism, no dehydration step is needed before the

membrane module, simplifying the whole purification process.

4.3.3 Membrane performance at 28 atm
After the attainment of the best membrane performance at 15 atm, the feed pressure was
increased up to 28 atm. Once again, the higher pressure generates a reduction of both

permeability and selectivity together with instability issues on the sample which showed
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the best results at 15 atm conditions. Several attempts have been carried out in order to
improve the membrane performance and the most effective outcomes were obtained
reducing dramatically the small molecules amount in the membrane composition
(Samples S-14, S-15, S-16).

At the beginning, the amount of KOH and AIBA-K was decreased to 10.6 wt% and 10.8
wt% respectively in the final membrane composition. Simultaneously the long chain
amine content was increased up to 46 wt% (Sample S-14), in order to improve the
mechanical stability of the selective layer by incrementing the HMwS percentage.
Similarly for the 15 atm pressure conditions, the strategy was found to be successful,
returning stable separation performance. A permeability of 224 Barrer and a selectivity of
16 for CO,/H; separation and 139 for CO,/N; (Appendix, Table A.4) were achieved. In a
second stage, in order to check the mobile carrier influence on the membrane
performance under these pressure conditions, the AIBA-K was removed from the
membrane composition, increasing the KOH content up to 21.4 wt% (Sample S-15). The
separation performance increased consistently in terms of CO; flux across the selective
layer, with a permeability of 326 Barrer (Appendix, Table A.4), whereas the CO,/H, and
CO,/N; selectivity remained constant, suggesting a more efficient carrier ability of KOH
compared to AIBA-K. An additional increment of the KOH amount to 26.8 wt% to the
detriment of the PAA content (Sample S-16), hence of the HMwS amount, corresponded
to a further improvement of the membrane performance, in particular of the CO,
permeability, which showed an increase to 440 Barrer, with no significant influence on
COy/H; and COy/N; selectivity and without instability problem for the duration of the
tests.

Figure 4.39 shows the variation of membrane performance along with the feed pressure
over the investigated pressure range. The permeability and selectivity decrease is mainly
attributable to the carrier saturation effect, previously described, and the trend is showed
to be exponential with pressure for both permeability and selectivity. The CO,/N;
selectivity is the only one which seems not to follow this tendency, but the reason may be
attributed to the uncertainty on the detection of the N, peak in the sweep side, due to the

very low concentration achieved in the permeate stream for the 2 atm pressure tests. In
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the end, Figure 4.40 highlights the outstanding results achieved by the MMM presented

in this work, even under such severe pressure conditions.
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Figure 4.39 - Effect of feed pressure on the CO, permeability (A ) and
on the COy/N, (o) and CO,/H, (D) selectivity of sample.
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Figure 4.40 - Robeson Plot for CO,/N, separation for the MMM at 15 and 28 atm
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4.3.4 Effect of the inorganic loading

In literature, several attempts have been reported to incorporate carbon nanotubes in
polymeric matrixes, in order to enhance both their mechanical and transport properties.
Kim et al. [134,135] reported a significant increase (up to 70%) of the storage modules
after the addition of 5-15 wt% of octadecyl ammonium-modified SWNTs. In addition,
they showed also an increase of the permeability of all the investigated gaseous probes,
which was more evident for the less permeable species. Hence, the separation factor was
usually reduced with increasing the inorganic loading content in the membrane
composition. A similar effect have been obtained by Choi et al. [136] on pervaporation
MMMs using acid treated MWNTs. Incrementing the functionalized MWNTs amount,
they reported a significant increase of the solute flux across the selective layer along with
a simultaneous decrease of water/ethanol selectivity.

Analyzing the variation of gas transport properties of MMMs based on PES and
functionlized MWNTs, Ge et al. [137] disclosed that the additional gas diffusion,
compared to the pure PES, does not take place inside the hollow nanotubes cavities but
likely through the voids between the MWNTs surface and the polymer chains, called
nanogaps. As theorized by Cong et al. [132], the size of nanogaps plays a key role for
separation performances of mixed matrix membranes: if the nanogaps dimensions are
increased because of a poor compatibilization between the nanoparticles and the
polymeric matrix, the selectivity of the gas separation system could be adversely affected.
The use of raw MWNTs or AT-MWNTs has been reported [19,138] to determine a
decrease of membrane selectivity at increasing the inorganic loading, likely related to the
formation of nanogaps at the polymer-filler interface. Hence, in the present work an
amino-functionalization of MWNTs was carried out in order to increase the affinity
between the hydrophobic nanofillers and the hydrophilic polymeric structure in order to
improve membrane properties both in terms of transport and mechanical stability. As
showed in Figure 4.41, the compatibility enhancement was achieved by means of AF-
MWNTs: no relevant variation of transport properties was obtained for an inorganic
loading up to 6 wt% (2 wt % AF-MWNTs loading values are obtained as average of S-
09, S-10 and S-11, whereas the other values are obtained from sample S-12 and S-13). As

reported, varying the MWNTSs amount in the membrane composition between 0 and 6.4
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wt% the permeability deviates of a values lower than 4%, whereas the CO,/H, remains
equal to 54. Only the CO,/CHyj4 selectivity decreases slightly after the particles addition,
but the variation is still not really significant. At the same time, membrane permeability
did not show any relevant variation at increasing the fillers loading, despite the presence
of amino groups on the MWNTs walls. However, the amount of reactive groups added by
embedding the fillers is negligible compared to the total amount present on the membrane
composition, hence they cannot contribute considerably to the total CO, transport rate.

The amino-functionalization produced hence an appreciable improvement in filler
embedding compare to raw MWNTs [19], enhancing the separation performance.
Presumably, the presence of -NH, groups on the nanotubes surface reduced the nanogaps
formation, thanks to a reduced repulsion interactions between the nanofiller and the
hydrophilic polymers chains. In addition, amine moieties could also react during the
thermal curing, when the crosslinking reaction is brought to completion, chemically

bonding the nanoparticles to the matrix.
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Figure 4.41 - Influence of AF-MWNTs loading on the CO, permeability (A)
and the CO,/CH, (o) and CO,/H, (D) selectivity
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4.3.5 Effect of sweep side RH

Due to its participation in the reversible CO,-amine reaction (i.e., the hydrolysis of
zwitterion and carbamate ion), the presence of water is crucial for the facilitated transport
process. In addition, due to the highly hydrophilic characteristics of PVA and long chain
amines, the membrane matrix is largely swollen by water [74]. Hence, the mobility of
ions and small gas molecules is relevantly affected if compared with dry conditions.

From this point of view, the membrane performance have been characterized at different
water concentration within the polymeric matrix varying the relative humidity in the
sweep side. In fact, due to the chosen experimental conditions (dry stream flow 60
cm’/min) and because of the lower limit for the water flow of the piston pump (0.01
cm’/min), the R.H. in the feed side could not be set lower than 100% for 15 atm feed
pressure. On the other hand, the output rate of the water pump for the low pressure sweep
side was adjusted to 0.03, 0.06, 0.15 and 0.52 cm’/min to obtain respectively a relative
humidity equal to 47%, 60%, 72% and 80%. The outcomes are plotted in Figure 4.42.

As previously reported [18,73,78,96], the CO, permeability is found to increase
monotonously with increasing the water content in the polymeric matrix. Using the
sweep gas of 80% RH, the CO, permeability reached a high value of 1147 Barrers,
almost 5 times of that at 47% RH (234 Barrers). The above results demonstrated the
dramatic enhancing effect of water retention on CO,; facilitated transport. Indeed, the
increase of water concentration within the membrane matrix simultaneously enhances the
mobility of ions and CO; across the selective layer and also the CO, reaction rate with
amine carriers [18,96].

On the other hand, the membrane selectivity is differently influenced by the sweep side
water activity and the effect is confirmed by both the investigated gas pairs. Indeed, the
COy/H; and CO,/CHy4 selectivities increased along with the CO, permeability up to a
72% R.H. reaching a maximum and then they started to decrease. Despite CO;
plasticization may occur, the behavior can be mainly related to the water-induced
swelling, since the CO, partial pressure didn't change for the different tests. After a
certain H,O concentration within the membrane matrix value is overcome, the polymeric
chains mobility is enhanced to such an extent that their barrier properties efficiency is

reduced, allowing an enhancement of the solution-diffusion permeable species flux.
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Similar trend has been reported from Xing & Ho [78] for facilitated transport membranes
containing silica at 15 atm pressure conditions. Conversely, a monotonous increase of
selectivity along with CO, permeability has been observed for low pressure conditions
[18,73,96], suggesting that the negative effect on selectivity after a certain water
concentration in the membrane matrix is mainly associated to the drastic enhancement of

non-reacting species driving force under such severe pressure conditions.
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Figure 4.42 - Influence of sweep side R.H. on the CO2 permeability( A ) and the CO,/CH, (©) and
COy/H, (Do) selectivity (sample S-09). Operative conditions: T = 107°C; p = 15 atm;
dry gas flow rate = 60/30 cm3/min (feed/sweep)

4.3.6 Effect of temperature

Membranes for industrial gas purification are expected to be operated at high
temperatures above 100°C from the energy efficiency point of view. However, few data
on membrane performance at such severe conditions could be found in the literature. As a
supplement, this work investigated the membrane transport properties including CO,
permeability and CO,/H; selectivity of the MMMs developed in this work at different
high temperatures ranging from 103°C to 121°C at a feed pressure of 15 atm. All the

other operating conditions are showed in Table 4.1.
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Temperature affects the facilitated transport mechanism in two competing ways. On one
hand, higher temperature accelerated the chemical reaction between CO, molecules and
amine carriers and the diffusion of the reaction products across the membrane. On the
other hand, keeping constant the water flow rate injected in the humidifier, the R.H. of
the streams contacting the membrane decreases by increasing the operative temperature.
As showed in the previous paragraph, the R.H. influence on the CO, transport across the
selective layer is significant, hence a decrease of the water amount in the gaseous streams

determines a reduction of the separation performance of the membrane.

Sample T R.H. CO, Perm CO,/H, CO,/N, CO,/CH,
(°C)  (Feed) (Sweep) (Barrer) - - -
S-11 103 100% 86.3% 691 32 225 -
105 100% 86.2% 817 47 370 -
106 100% 77.8% 882 52 403 -
107 100% 72.5% 828 53 451 -
110 100% 67.9% 828 53 451 -
S-10 107 100% 72.5% 880 54 - 250
114 100% 57.2% 583 50 - 242
121 100% 45.6% 432 48 - 251

Table 4.1 - Gas transport properties of mixed matrix membranes with 2.2 wt% AF-MWNTs
tested at different temperatures. Dry gas flow rate = 60/30 cm’/min (feed/sweep)

Figure 4.43 illustrates the influence of the operative temperature on two samples, S-10
and S-11. Varying T from 103°C to 107°C the CO, permeability increases significantly,
and the variation can be mainly related to the increase of the chemical reactions rate and
the products diffusivity across the selective layer. Interestingly, the effect on the reaction
kinetics dominates any other possible impact related to the water retention variation: the
CO, permeability increase takes place along with a decrease of the water concentration
within the membrane, even if the R.H. variation is reduced (Table 4.1). At the same time,
the monotonous decrease of the H, permeability at increasing T determines the CO,/H;

selectivity enhancement, suggesting that the H, transport rate is mainly related to the
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water-induced swelling of the membrane matrix, which dominates over any possible
kinetic effect associated with an increase of thermal conditions. A maximum is reached at
107°C, showing a CO, permeability of 886 Barrers accompanied with a CO,/H;
selectivity of 54. Similar behavior has been obtained for N, (Fig. 4.44), with the CO,/N;
selectivity increase even more marked compared to CO,/H,. Indeed, the mobility
reduction, related to the decrease of water concentration, affects more severely the larger-
size penetrant, N, compared to the smaller one, H,, (Table 1.1.).

Beyond 107°C, the temperature increase (up to 121°C) corresponds to a substantial
reduction of CO, permeability value. This decrease is consistent with the influence of
water retention on the membrane performance described in the previous paragraph. With
less water retained in the membrane matrix at higher temperature (owing to the reduced
relative humidity), the fast reaction between CO, and carriers as well as the mobility of
CO,-amine reaction products and mobile carriers was hindered significantly, resulting in
a consequent decrease of membrane performance. Simultaneously, H, permeability kept
decreasing along with the water content: the reduction of water-induced swelling of
membrane matrix affects negatively the hydrogen transport rate. As a consequence, the
COy/H; selectivity decreased slightly when the operative temperature was increased. On
the other hand, different behavior is observed for CH; which showed a negligible
variation of the related separation factor the T range 107 - 121°C (Fig. 4.44). Such
behavior may be related to the higher critical temperature and to the higher partial
pressure in the feed stream of CH4 compared to H, and N (feed gas compositions: 20%
CO,, 59.8% CHy, 20.2% H; and 20% CO,, 40% N, 40% H;), which determine a reduced
impact of the H,O concentration on the overall transport properties of this compound.
Thus, for the MMM s developed in this work, 107°C is determined to be the optimal test
temperature at a feed pressure of 15 atm. Similar results are reported in literature for
other facilitated transport membrane: for example, the optimal test temperature was
100°C for sulfonated polybenzimidazole copolymer-based membranes [72], 107°C for
crosslinked PVA-POS/fumed silica MMM [78], and 110°C for the chitosan-based
membranes [139]. For facilitated transport membranes with a similar composition, the

optimal test temperature varied according to the operating conditions. For example, the
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optimal temperature was 110°C for the crosslinked PVA/amine membrane tested at a
feed pressure of 2 atm [96], but changed to 106°C when operated at 15 atm [77].

The above results show that the membrane performance are very sensitive to some
parameters such as temperature and relative humidity, and the operative conditions which
maximize the separation performance are limited to a narrow range. Reduced changes of
thee operative conditions may lead to relevant variations in permeability or selectivity

and a very accurate control would be needed in case of further scale up of this

technology.
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Figure 4.43 - Effects of operating temperature on the separation performances of MMMs with 2.2
wt% AF-MWNTs at a feed pressure of 15 atm: (1) CO, permeabilities of Membrane S-10 (A)
and S-11 (e); (2) CO,/H; selectivities of S-10 (A) and S-11 (o).
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Figure 4.44 - Effects of operating temperature on the CO,/N, and the CO,/CH, selectivity of
MMMs with 2.2 wt% AF-MWNTs at a feed pressure of 15 atm

4.3.7 Effect of membrane thickness

Different samples of the mixed matrix membrane of the same composition (composition
reference: Sample S-08, Table 3.1) with different thicknesses were also tested under
similar operative conditions in order to investigate the influence of the selective layer
thickness on the membrane gas transport properties. In particular, a series of permeation
experiments were performed maintaining feed pressure and temperature at 15 atm and
107°C, respectively. The test results including CO, permeability, permeance, selectivities
vs. H, and CHy4 are depicted as a function of selective layer thickness in Figures 4.45 and
4.46.

Figure 4.45 reports the variation of CO, transport rate along with selective layer
thickness: as expected, the CO, permeance was found to decrease incrementing the
membrane thickness, but interestingly the CO, permeability increased. This phenomenon,
which is seldom reported in the open literature [71,140], can be explained by the complex
gas transport mechanisms in the facilitated transport membrane, which involves the
sorption and diffusion of CO, molecules and the CO,-carrier complexes, created by the

reaction with the mobile and fixed carriers.
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Figure 4.45 - Effect of selective layer thickness on the CO, permeability ( A) and CO, permeance

(0) (composition reference: sample S-10). Operative conditions: T = 107°C; p = 15 atm; dry gas
flow rate = 60/30 cm’/min (feed/sweep); R.H.=100%/72.5% (feed/sweep).

The unreacted CO, permeating by solution-diffusion mechanism is indeed believed to be
a small portion of the total CO, flux across the membrane [66] so that facilitated transport
is controlling CO, permeation across the membrane. In this framework, CO, transport
starts with the reaction between CQO, molecules and amine carriers at the feed
gas/membrane interface, followed by the diffusion of the formed CO,-amine complexes
along their concentration gradient across the membrane to the permeate side, where the
bonded CO;, molecules are released into the sweep gas via the reversible CO;-amine
reaction. This complex behavior involving both reaction and diffusion cause the transport
to be nonlinear (less then linear) with respect to polymer thickness so that different
behavior of permeability and permeances can be found for the same membrane. A more
detail description will follow in Chapter 5.

In Figure 4.46 the selectivity trend is reported as a function of the selective layer

thickness for both gas pairs. As expected, it increased along with the thickness, since the
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large extent if

compared to the CO; flux, in agreement with the permeability behavior showed before.
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Figure 4.46 - Influence of the selective layer thickness on the CO,/CH, (@) and CO,/H, (O)

selectivity (composition reference: sample S-10). Operative conditions: T = 107°C; p = 15 atm;

dry gas flow rate = 60/30 cm’/min (feed/sweep); R.H.=100%/72.5% (feed/sweep)
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5. Modeling

In this chapter, the experimental data illustrated in the previous sections have been
thoroughly analyzed and modeled, aiming at the description of the physical processes that
govern the transport mechanisms, and the achievement of a deep insight on the effect of
different operative parameters on the materials transport properties.

Therefore, the constitutive equations and the thermodynamic models of interest for the
description of the diffusion and the solubility of low molecular weight species in
polymeric systems will be briefly presented. Subsequently, these theories will be suited to
the particular conditions considered during the experimental characterization considered,

and then applied in order to give a theoretical representation of the obtained data sets.

5.1 Free Volume Theory

The diffusion of low molecular weight species in polymer systems can be represented by
the well known free volume theory (FVT) [40,46,101,141], considering the motion of
small molecules within the matrix as a series of elementary diffusive jumps in the
unoccupied volume available for penetrants. The diffusion kinetics are thus strongly
correlated with the free volume present in the polymer matrix, as first presented by
Cohen & Turnbull [142], who provided a theoretical description of the diffusion
coefficient in a liquid composed of hard spheres. They divided the total volume of the
liquid in two components: that occupied by the spheres and the remaining free volume.
The free volume may be described in terms of voids, created by natural thermal
fluctuation, within the framework of the hard spheres. A sphere is able to undergo a
single diffusion step when the void size, manifested in its neighborhood, is large enough
to host its volume. In this view, they developed a distribution function able to represent
the probability of finding a free volume hole of a specific size, relating the kinetic
features with the reverse of free volume by means of an exponential equation.

In binary mixtures composed of long molecular chains and small molecule (e.g. solid

polymeric matrix with low molecular weight penetrants), the description of the polymer
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molecular structure is given by a series of multiple spheres (or jumping units) covalently
bonded together. In this case, polymer chains cannot entirely diffuse in a single jump, but
their migration is envisioned to be produced by the motion of small elements composing
the macromolecules. Small molecules diffusion can take place within these chains
fluctuations, which continuously open free volume elements suitable to host the
penetrants size, favoring their diffusion across the polymer. Vrentas & Duda [143]
divided this quantity in two contributions (Fig. 5.1), to carefully describe the free volume
available for small penetrants to diffuse: the interstitial free volume, whose redistribution
energy is assumed large enough to do not contribute to the molecules motion across the
polymeric matrix, and the hole free volume, which conversely can redistribute with a
negligible energy contribution. Hence the latter term is the free volume fraction
accessible for the diffusion process. Starting from these considerations, Vrentas and Duda
[27] developed a complex mathematical framework capable to accurately describe the
self diffusion coefficient of different penetrants in polymer systems. The model takes into
account the energy required by the molecules to overcome the attractive forces holding
them to the neighbors, the critical volume required for the polymeric chain displacement

and the average hole free volume [27,144].
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Figure 5.1 - Polymer volume description by Vrentas and Duda (readapted from ref. [145])
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The average hole free volume is defined as the difference between the specific volume of
the polymers and the specific volume occupied by the polymeric macromolecules
themselves, which can be obtained from several schemes reported in literature [ 146—148].
Despite the original formulation, simpler correlation of experimental diffusion data in
polymeric materials have been obtained considering the fractional free volume (FFV),
defined as the ratio between the average hole free volume and the specific volume of the

polymer. In particular, the FFV is evaluated from the specific volume of the polymer,

~

14

o1 » and the specific volume occupied by the polymeric chains, T};ol . This last quantity

is usually considered correlated to the van der Waals volumes of the various portions of
the polymer chains (T}pvj,W ), calculated in the present work through the Bondi's group

contribution method [149], by means of the following relationship [150]:

2 >0
FFV — Vpol - Vpol
V

pol

V1370
I}

pol

(5.1)

The 1.3 proportionality factor, of general use in FFV calculations, derives from the
packing density estimation, and is required to account also for the volume of the polymer
phase inaccessible to host molecules [29].

Hence, in the Free Volume Theory simplest formulation, the gas diffusion coefficient is

related to the FFV by means of the following equation [151]:

[
D. =D, -exp| ——— 5.2
i i,0 p( FFV ( )

where D and p; are specific parameters for the gas-polymer pair considered. Moreover,
as already discussed in the first chapter, a similar dependence from the FFV of the

polymeric matrix can be used to describe the permeability coefficient [114,150]:

B
P =4 -exp| ——— _
=4 p( FFV} (53)

For a given system, the penetrant-free volume interaction parameter, B;, is practically

temperature independent [46], whereas the pre-exponential factor, 4;, can be expressed
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by an Arrhenius relationship, which exhibits an exponential dependence with the

reciprocal absolute temperature. Eq. 5.2 thus becomes:

B, E,. B,
P =4, (T) exp(— ﬁj = (A[,O -exp(— ED . exp(— FIVJ (5.4)

where A4y, is a specific parameter for the gas-polymer pair, substantially temperature
independent, whereas Ep; is the activation energy of the permeation process.

Eq. 5.4 can thus provide the evaluation of the gas permeability in the polymeric matrix,
using two adjustable parameters, 4; and B;, together with the activation energy Ep;, once
the polymer density is available and several examples are available in literature for

permeation data based on dry experimental conditions [46,151-153].

5.2 NELF Model

Several modeling approaches have been proposed in the past decades to describe the
thermodynamic behavior of gases and vapors mixture with rubbery materials, but they
have been demonstrated to fail in the description of the solubility coefficient below the
glass transition temperature, because of the out of the equilibrium nature of glassy
polymer systems. Empirical or semi-empirical approaches have been proposed to
describe the sorption behavior in glassy polymers (e.g. dual mode solubility model [154],
molecular thermodynamic model [155], glassy polymer lattice sorption model [156]),
although they do not own any predictive feature.

Doghieri & Sarti [157] in 1996 proposed a rigorous model, based on a thermodynamic
approach capable of extending the validity of equation of states in the glassy non
equilibrium conditions, aiming at the description of the solubility of fluid penetrants in
glassy polymers. This initial model was called, non equilibrium lattice fluid (NELF)
model, as it was based on the lattice fluid (LF) theory, originally presented by Sanchez &
Lacombe in 1976 [158], which is often employed for the description of phase equilibria
of polymer/solute systems, in view of its simplicity and accuracy. The LF theory
describes all the system of interest as a lattice, partially filled by different molecules (or
macromolecules), whose capability of occupying the lattice sites depends on their

structure and molecular weight. The evaluation of the pure component properties is
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provided by the LF model with the use of three characteristic parameters, which are in

turn related to conditions in the close packed state (the theoretical maximum density

condition of the lattice):

— the characteristic density, p;*, that represents the close packet mass density for the
pure component,

— the characteristic pressure p;* related to the cohesive energy density in the same
conditions;

— the characteristic temperature, 7;*, that is a measure of the close packed lattice site
energy.

These parameters can be obtained by the best fit of the LF equation of state to pressure

volume temperature data (PVT) above T, for the polymer and to either PVT or vapor

liquid equilibrium (VLE) data for the condensable species.

The NELF model adopts the same thermodynamic representation and uses the same

parameters of LF equilibrium theory, but extends its validity in the glassy domain

through the use of a consistent and physically rigorous approach. The basic hypothesis of

NELF model is to consider the non equilibrium structure as a thermodynamic systems

endowed with internal state variables kinetically frozen at a value different from that of

equilibrium. In particular, the polymer density, p,,;, was chosen as the internal state

variable for the system, as it cannot evolve towards equilibrium conditions due to the

kinetics constraint, which hinders polymers relaxation below T,.

From this initial hypothesis, following rigorous thermodynamic arguments, it has been

demonstrated [159] that the chemical potential per unit mass of solute in the glassy state,

ui"", coincides with the corresponding property calculated for the equilibrium condition,

ui, at the same temperature, polymer density and system composition, Q (vector of the

mass ratio of the solutes scaled on the polymer mass), but at a pressure (corresponding to

the equilibrium value at the given operative condition) which is different from the

experimental one:

ﬂiNE(paTappoHQ):/'liEq(T’ppol’Q) (55)

This result represents the core of NELF theory, and it is independent from the equation of

state considered for the free energy calculation. Nevertheless, it must be pointed out that
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the p,o 1s @ non equilibrium quantity and it cannot be calculated starting from the typical
set of variables (i.e. temperature, pressure and composition) but it must be directly
measured for the specific conditions in which the NELF model will be used to solve the
equilibrium problem. The dry polymer density may be used only assuming a negligible
swelling induced by penetrants (e.g. low My, gases and low partial pressures); in all the
other cases, density estimation can be carried out through penetrant-induced dilation data,
obtained experimentally, or with a novel version of NELF model [160]. On the basis of
the dimensionless equation provided by the LF theory for the Helmholtz free energy of a
mixture [158], an expression for the non equilibrium chemical potential can thus be

finally obtained:

Np+l

NE 0 0. *
i - o o - 510 e S (ot

where:
« p is the dimensionless density, calculated as ,0/ o

« @, is the close-packed volume fraction;

. rl.o and 7 are the number of lattice cells occupied by the component 1 in the pure
state and in the mixture, respectively;

« v, is the molar volume of the lattice cell;

. Apz ;describes the interaction energy between the two species i and j defined as

Ap;; = p; +p; _2<1_kij)\/l7: A%

ok, is the only binary parameter used to describe the interaction between the two

compounds present in the system.
This quantity is then used to define phase equilibria by considering that even in the glassy
phase the general equilibrium condition holds, stating that the chemical potential of the
same components in the different phases must coincide. In the end, therefore the
evaluation of the solubility of the N¢ -1 gaseous penetrants of the mixture is carried out

solving a set of N¢ -1 pseudoequilibrium equations in order to obtain the mass fraction of
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all penetrants in the polymer, giving a direct estimation of their solubility for the given

experimental conditions.

5.3 Theoretical consideration on thermal treatment and aging results

As previously examined in paragraph 4.1, the results obtained for gas permeation in
glassy polyimides systems pretreated at different temperature and those obtained at
different times after such treatment (aging) can be explained in the framework of free
volume analysis. Equation 5.1 could be thus used to describe the variation of the
diffusion coefficients both for CO, and CHa, as related to changes in the free volume
available for penetrant diffusions due to thermal or aging rearrangements of the polymer
macromolecules.

In particular, the comparison of the diffusivity at a given state (specific pretreatment or
aging time) with that obtained for Ma50, chosen as reference, provides the diffusivity
ratio, which is related to the difference in fractional free volumes between the two states

as follows:

Di state 1 1
,State X — eXp ﬂi _ (57)
Di,MaSO FFVMaSO FFV

state X

For carbon dioxide and methane it is thus possible to write:

1 _ 1 _ 1 In DC02 ,State X
FFVMaSO FFVvtateX ﬂCOz DCOz,MaSO
(5.8)
1 1 1 1 DCH4,stateX
- n

FFVMaSO FFI/stateX IBCH4 DCH4,Ma50

The left term must be identical for CO, and CHy, producing the following relationship:

ln DCOz,stateX _ ﬂCOZ ln DCH4,stateX (59)
DC02 ,Ma50 ﬂCH4 DCH4 ,Ma50
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D State D ¢
Hence, reporting the two quantities In| —2"“* | and In| —4"X |in a plot a linear
€Oy . Ma50 CH 4, Ma50

relationship should hold. Figure 5.2 reports the results obtained for the different thermal
pretreatments and, as one can see, a linear relationship well represents the data obtained
from experimental diffusivity data (regression coefficient = 0.993), providing further
support to the proposed theoretical analysis. A lower regression coefficient is found for
the diffusion coefficient measured for the specimen Ma50 as a function of the
investigated aging times, although the obtained value remains higher than 0.90,

suggesting a satisfying correlation with the proposed theory.

In addition, it should be noted that the slopes of the experimental curves related to the

Beo, / Bey, ratio for the two cases, pretreatment and aging, are extremely similar, with

differences in the order of 10%, likely related to experimental uncertainty arisen by the
completely different processes investigated during the experimental campaign. This
feature further support, in a qualitative way, the hypothesis that the effect of aging and
pretreatment effect on permeability are both related to variations in the fractional free

volume of the polymeric matrix.
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Figure 5.2 - Analysis of different T pretreatments (Ma50, Ma100, Mal50 and Ma200) diffusion
coefficient based on the Free Volume Theory
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Figure 5.3 - Analysis of Ma50 diffusion coefficient for different aging times
based on the Free Volume Theory

5.4 Modeling humid gas permeability

In Chapter 4, it has been showed that the experimental permeability behaviors in presence
of water vapor of the different penetrants and at the different temperatures in Matrimid
are quite similar, as they decrease as water activity increases by approximately the same
extent. This trends may be explained correlating the permeability decrease directly to the
water content in the membrane, also in view of a negligible temperature effect on water
solubility in Matrimid in the inspected T range (paragraph 4.2.1). In particular, a
mechanism of competitive sorption of the gaseous penetrant with the more condensable
species (water) is established, leading to the observed permeability reduction. It is thus
assumed that water is preferentially absorbed in the polymers occupying free volume
sites available for gas diffusion in the glassy matrix, with a consequent reduction of the
permeability, as already reported for other polyimides [60,124,125,161]. Such
explanation indeed do not consider any preferential or specific interaction between gas
molecules and water or polymer, thus explaining why, from an experimental point of

view, the permeability of a small gas molecule, like He, is affected by the presence of
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H,O as much as the permeability of CO,, much larger and definitely more condensable
than He.

The decrease of the available free volume induced by the presence of water is expected to
affect, in principle, both penetrant diffusion and solubility coefficient in the polymer, thus
resulting in an overall permeability decrease for all gases. In this concern, two different
approaches will be proposed.

In the first one, a simple empirical model will be used to describe the permeability
variation, assuming that the predominant effect of water presence in the matrix may be
attributed to the kinetic part of permeation, neglecting, in first approximation, any
contribution given by solubility coefficient. These assumptions lead to the behavior
observed experimentally with permeability values lower in humid conditions with
respect to those in the dry state, as the probability for a gas molecule to find an available
site to diffuse inside the membrane is reduced by the presence of water. The larger is the
amount of H,O present in the membrane matrix, the lower is the free volume accessible
to other gases, and thus the lower will be their effective diffusivity across the membrane.
In a second modeling scheme, the present free volume approach is combined to a
thermodynamic model, capable to predict the solubility coefficient, taking advantage of
the concepts proposed in the empirical model. Despite the mathematical complexity, the
more rigorous approach will allow the exhaustive description of the physical phenomena

associated to the particular studied conditions.

5.4.1 Free volume based empirical model

As previously reported, the presence of stationary water inside the membrane decreases
the fractional free volume actually available for gas molecules to diffuse, slowing down
the permeation process of incondensable species. This effect is accounted for by the
estimation of the FFV in humid condition, FFVy,ia (@), which is carried out considering

that the occupied volume unavailable for diffusion is now due to both the polymer chain

contribution, ¥ ,, and the contribution V;}zo of the water molecules absorbed in the

pol »

polymer matrix. Thus we have:
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| e /g Vo =13V —1.3r)”
FFthmid (Cl): pol V;vml HyO — pol pol HyO (510)

pol pol

In the more general case, the value of FFVj,,a cannot be readily obtained, as accurate
measurements of polymer dilation upon water sorption would be required, together with
the estimation of the volume occupied by water inside the matrix. However, in the
investigated conditions, the polymer swelling associated to water sorption is actually
negligible due to the high rigidity of the polymer structure and to the low amount of
water absorbed by the polymer. That greatly simplifies the estimation of FFVj,,4 since

V,, isthe same as for dry conditions.

Regarding the volume occupied by the water absorbed in the matrix, V,320, we will

consider two different cases, representing the two limiting conditions for the actual

behavior. In particular, we will consider that the volume occupied per unit mass of
dissolved water, I}1320, may be either constant with water activity (case a), or variable

with water activity due to ideal water clustering (case b).

Case a) is expected to hold true in the lower activity range, and its use will provide an
overestimation of the total occupied volume at higher activity values and thus an
underestimation of the value of FFVj,u4. In this case, the volume of a single water
molecule is assumed constant and proportional to its van der Waals volume, over the
entire activity range, so that the portion of FFV occupied by water in the membrane

matrix is evaluated directly from the water solubility isotherms. Consequently, the ratio

V;}zo / V0 to be used in Equation 5.10 for the calculation of FF'Vmia is given by:

Vio 13V 13780

Vpol Vpol V /

po

Hzo(a) (5.11)

where Q,, (a) is the mass ratio of the dissolved water, in gu,o/gpo1, directly given by the

water solubility isotherm (Fig. 5.4, solid line).
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Case b), on the other hand, allows to account for the variation with water activity of the

A

. . 0 .
average volume occupied by water per unit mass, Vy,, , as a consequence of the possible

.. . 50 .
self-association of water molecules, which reduces ¥V, as the water activity increases.

Self-association and clustering phenomena are indeed known to occur in H,O sorption in
polyimide materials at high R.H., and to affect significantly the average volume of a
single H,O molecule absorbed in the membrane matrix [162,163]. Following Zimm and
Lundberg [164], who studied water sorption in many polymer-water mixtures, clustering
occurs when, due to mutual interaction (hydrogen bonding), the distance between the
centers of two absorbed water molecules becomes lower than one molecular size.
Consequently, the volume of n water molecules clustered together is lower than n times
the volume of single water molecules, with a clear influence on the actual volume
occupied by the water molecules in the polymer. The assumption of no water-induced

swelling to the polymer matrix leads to the estimation of the volume actually occupied by
water lower than the one calculated in case a) (constant I}gzo ), and correspondingly the

FFViumiq obtained is larger than in case a). In the cases here inspected, this process seems
to start at about 60% R.H., at which the water solubility isotherms in Matrimid [47],
substantially linear in the low activity region, shows a clear upturn in solubility. This
feature is often related to the self-association of water molecules. [56,59,60,116]. The
behavior of the solubility isotherms illustrated in Figure 5.4 shows that below about 60%
activity, at which water-water interaction are negligible, Henry’s law is followed by the

experimental data, that is:
szo(a)zH-a (5.12)

where H is the Henry's constant.

On the other hand, at higher activities, at which clustering phenomena occur, a clear
deviation from the ideal linear trend is observed. In the ideal clustering behavior, we
assume that the total free volume unavailable to other gases is that occupied by the
dissolved water molecules which do not interact with one another, whose amount is
represented by the Henry’s law line of the solubility isotherm. While, on the contrary, the

water sorbed in excess to Henry’s law line is ideally clustered and occupies the same free
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volume already occupied by the non-interacting water molecules, and thus it does not

contribute to the free volume unavailable to other gases.
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Figure 5.4 - Sorption isotherm theoretical description

This assumption leads to an underestimation of the occupied volume and to an
overestimation of the FFVj,.a value, so that the cases a) and b) here considered
reasonably give the lower and the upper limiting values for FFVymiq.

According to the assumptions of case b), in the ideal clustering condition one has:

Vo _ 1.3V, _ 1.319,% |

Vpol Vpol V I

po

H-a (5.13)

The FFVyumia values calculated in the two limiting conditions considered, case a) and case
b), are represented in Figure 5.5. The curves are obtained from the best fit procedure of
the actual water solubility isotherm (Fig. 5.4, continuous line), as well as the Henry’s law
line best described the linear portion of the isotherm (Fig. 5.4, dotted line). The latter

curve has been used to calculate FFVj,,4 in the ideal clustering case through Equation
5.13, whereas the actual isotherm is used to calculate FFV,miq in the constant 17,220 case

through Eq. 5.9.
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All the parameters used to estimate of FFVyymig (2) are summarized in Table 5.1.

As expected, both cases a) and b) lead to the same values of FFVjyq in the low water
activity range as long as the solubility isotherm is actually linear versus R.H. (up to about
60% R.H.), whereas at higher activities, where clustering is likely taking place, case a)

would predict a higher free volume decrease with respect to the ideal clustering case b).
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0.0 0.2 0.4 0.6 0.8 1.0
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Figure 5.5 - Variation of FFV as a function of R.H. for the two cases considered

5 5> Vd
p(26°C) V41461 Vit [165] H
(g/em’) (cm’/g) (cm’/g) (8H20/1o0t)
1.238 0.532 0.602 0.018

Table 5.1 - Parameters considered for the proposed model

The resulting values of FFVy,ma at the different R.H. are then used in Equation 5.3 to
calculate the permeability of all penetrants, in humid conditions. Two fitting parameters
were considered for each gas-polymer pair, namely Ao; and B;, while, due to a non

significant effect of water on the activation energy as discussed in the previous sections,
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the £, values for all penetrants were considered equal to the ones obtained for the dry

conditions and were taken constant over the entire activity range.
Figures from 5.6 to 5.9 report the comparison between the results of the proposed model

and the experimental permeability data of the four different penetrants at the three
different temperatures: the solid lines refer to case a) (constant 191320 ), whereas the dotted

lines represent the ideal clustering case (case b). As one can see, a remarkable agreement
with the experimental permeability is obtained by using for each gas considered only two
adjustable parameters, Ao ; and Bi, whose values are reported in Table 5.2.

Interestingly, the parameters B; used in the model calculations, as retrieved from the best
fit of the experimental data, are very similar to those already reported in the literature for
the different gaseous species, which have been also indicated in Table 3 for the sake of
comparison. In particular, the B parameter for CO, equal to 0.88, is comparable with the
value of 0.86 obtained by Park & Paul [150] based on group contribution methods,
whereas the values for N, and CH, are similar to the ones reported by Rowe et al. [39],
obtained by investigating aging effect on the transport properties of Matrimid samples.
Likewise, the parameters A,, calculated by means of Equation 5.3, are comparable with
the data available in the open literature: for CH4 and N, for example, at 35°C, 4;, is equal
to 128 Barrer and 138 Barrer respectively (case a), very similar to the values of 114
Barrer and 95 Barrer reported by Rowe et al. [39].

In spite of its simplicity, therefore, the model is able to describe rather accurately the
experimental permeability behaviors under humid conditions at different temperatures,
with only two adjustable parameters per penetrant, suggesting that the physical
description presented is highly representative of the real mechanism of the transport

process under humid conditions.

CH4 Nz COZ He
Ay B A,y B Ay B Ay B
(Barrer) - (Barrer) - (Barrer) - (Barrer) -
This work 3.5:10° 091 44-10° 090 | 1.97-10° 0.88 | 4.60-10° 0.98
Refs. [39,150] - 0.967 - 0.914 - 0.86 - 0.701

Table 5.2 - Ay and B values for the proposed model
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Figure 5.6 - Free Volume Theory Model results for CH, permeability
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Figure 5.7 - Free Volume Theory Model results for N, permeability
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Figure 5.8 - Free Volume Theory Model results for CO, permeability
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Figure 5.9 - Free Volume Theory Model results for He permeability
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5.4.2 Integrated NELF & Free Volume Theory approach

Based on the results obtained from the empirical model reported in the previous
paragraph, a more rigorous approach is used to represent the humid permeation process in
polyimides, dividing the permeability on the basis of solution diffusion framework. In
particular, the ability of NELF approach to predict the solubility of gas mixture in glassy
polymers has been coupled with the Free Volume Theory, suitable for the description of
the diffusion coefficient, in order to model the permeation process across a selective
layer. Indeed, the NELF outcomes will be employed to evaluate both the influence of
water vapor on the solubility of incondensable species and to estimate the residual FFV
available for them to diffuse across the membrane at increasing the water concentration.
The Free Volume Theory will be then utilized for the representation of the kinetic
properties in order to describe the permeability data, obtained experimentally. In the
present study, only two penetrants have been considered, namely carbon dioxide and
methane. The parameters used for the simulation are listed in Table 5.3 and 5.4. In
addition a thermal expansion coefficient for the Matrimid polyimide in the glassy state
equal to 188.7 ,um3 / (m3 -OC) has been considered, obtained from literature [122], and
assumed constant in the investigated range of temperature, while a density value at 25°C
equal to 1.238 g/cm’ has been observed experimentally. In the following modeling
results, only temperature effect are considered on polymer density, while no swelling is

assumed to be induced in the polymer matrix.

T* p* p*
(K) (MPa) (g/em’)

Matrimid 880 450 1.35
H>0 670 2400 1.050
CO, 300 630 1.515
CH, 215 250 0.500

Table 5.3 - Lattice Fluid characteristic parameters for Matrimid and penetrants (Ref. [126])
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ki H>0 Cco, CH,

Matrimid -0.093  -0.003 0.072
CO, -0.117 - -

Table 5.4 - Binary interaction parameters as calculated from pure gas sorption data

The H,O solubility isotherms have been first modeled by means of the NELF for pure
and for the mixtures with the two gaseous penetrant at pressure values equal to 0.5 bar,
and the results are reported in Figure 5.10. Indeed, in order to mimic the gas
concentration within the polymer matrix typical of a permeation experiment (p“ = 1 bar),
an average concentration has been considered between the upstream and the downstream
side, i.e. 0.5 bar. The activity range is showed only up to 60%, as a LF approach can
hardly represent the intermolecular forces occurring in the high activity range of vapors,
producing association phenomena (e.g. clustering), unless this feature is specifically
accounted for by convenient modification in the expression of free energy density.
However, in the low activity range, the model provides a satisfactory representation of
the experimental data, as documented with the green line (pure H,O sorption isotherm in
Matrimid at 35°C). Moreover, in the same chart shows also the solubility isotherms in the
presence of 0.5 bar of CO, or CH4, and the results suggest that increasing the
condensability of the gaseous compound present in the mixture, the solubility is generally
decreasing even though the variation is only to a rather small extent.

The NELF model provides also the information on the influence of water vapor on the
incondensable penetrant solubility, and the results are reported in Figure 5.11 and 5.12, at
the operative temperatures considered in the present work.

Although, as previously described (paragraph 5.4.1), the experimental data suggested that
the presence of water vapor affects mainly the kinetic part of the permeation process, the
two figures showed a marked decrease of solubility at increasing the water concentration
in the membrane. Interestingly, the more detailed and accurate model, is able to show
that, in view of competitive sorption effect, the less condensable penetrant (CH4) showed
the more marked decrease (close to 40% reduction compared to the dry value), as
expected considering its critical temperature, whereas CO, displayed a decrease up to 26

% if compared to the value obtained in dry conditions. Moreover, increasing the
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temperature of the system, this variation becomes more pronounced, although the
differences are fairly limited, in the order of 10%. The behavior can be easily explained
in view of the temperature influence on CO, and CHy4 solubility [82], whose decrease at
increasing T is noticeable, compared to the negligible effect observed in case of water

uptake process, as previously discussed (paragraph 4.2.1).
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Figure 5.10 - H,O uptake in Matrimid: experimental data, pure H,O and mixed H,O/CO, and
H,O/CH, prediction as obtained from NELF Model (T = 35°C, pco, = pcu, = 0.5 bar)

The free volume theory is applied in this case to the description of the diffusivity only,
and to investigate specifically the effect of the presence of water vapor on the D
coefficient of the two incondensable species (CO, and CH,). Starting from the H,O
solubility data provided by NELF, the departure of the FFV at increasing the water
content in the matrix has been calculated through Equation 5.10, using the same

parameters reported in Table 5.1.
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Figure 5.11 - CO, solubility variation in the investigated water activity range
estimated from NELF (p = 0.5 bar)
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Figure 5.12 - CH, solubility variation in the investigated water activity range
estimated from NELF (p = 0.5 bar)

117



Chapter 5

In particular, this approach describes the approximation of case a), given the unsuitability
of NELF model to describe clustering, so that the volume occupied by water molecules

has been evaluated as:

Qo (5.12)

Vo _ 1.3V5% _ 1.31?;;1;5

Vpol Vpol V

pol

where QHzO(a) is now the mass ratio of the dissolved water, estimated for mixture

conditions (Figure 5.10, blue and red line for CH4 and CO, respectively). Figure 5.13
illustrates the trends of FFV in the investigated activity range, as obtained at the different
temperatures and for carbon dioxide and methane as penetrants. As expected, the free
volume available for the penetrant diffusion decreases at increasing humidity, although it
is significantly temperature dependent, as it increases at increasing the operative
temperature. The present modeling analysis, indeed, accounts also for the thermal
expansion of the polymer matrix. Negligible differences are detectable between the
behaviors showed by methane at the three operative conditions, whereas in case of CO,
the reduction in FFV seems to be lower at 25°C, likely due to the capability of the gas to

compete strongly with water, which seems to be enhanced at the low temperatures.
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Figure 5.13 - FFV).miq available for CH, and CO, diffusion at different H,O activity
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However, the differences displayed in terms of FFV reduction between the two
incondensable species (CO, and CH4) are rather limited, for all the investigated
conditions.

The diffusion coefficient has been modeled by means of the Free Volume Theory,
starting from the results obtained for FFV variation along with the water concentration in

the membrane, using the following equation:

_ ool BV b exnl ZE2i )| | B
D,.—D,.,O(T) exp( FFVJ_(Di’O exp( RT D exp( FFV) (5.13)

in which Ep; is the activation energy of the kinetic part of the transport process (readily
calculated from the experimental diffusivity data obtained in dry conditions, see
Appendix, Table A.3), whereas D;y and f; are the pre-exponential coefficient and the
penetrant-free volume interaction parameters characteristic of the diffusion. The values of
these last two variables have been retrieved from the best fit of the permeability
isotherms obtained experimentally for the two considered incondensable penetrants (Fig.
5.14 and 5.15) at different water activities. The permeability coefficient is thus obtained
according to the solution diffusion mechanism (Eq. 1.4) for a given R.H. (fitting

parameters are listed in Table 5.5) as the product of solubility and diffusivity coefficients.

In case of methane, the model is able to describe accurately the permeability data in the
considered activity range. The model provides a good description of the experimental
behavior also for CO, permeability, even though a slight overestimation is observed at
activity values larger than 50%, likely related to the inaccuracy of the LF equation of
state in describing the CO,-H,O interactions, and in more general terms to the H,O

behavior in the high activity region.

CH,
D B Ep,i
(cm’/s) . (kJ/mo)l

CO,
Dy B Ep,;
(cm’/s) - (kJ/mol)

0.062 0.04 44.2 ‘ 0.0685 0.4 33.6

Table 5.5 - Free Volume Theory parameters used to describe the diffusivity for the model
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Figure 5.14 - NELF + Free Volume Theory Model results for CO, permeability
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Figure 5.15 - NELF + Free Volume Theory Model results for CH4 permeability
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Furthermore, the parameters listed in Table 5.5 allow also the estimation of the diffusion
coefficient of the gaseous penetrants at different water activities, and the attained results
for CO, and CH4 are showed in Figure 5.17 and 5.18, respectively. In case of CO,, the
permeability depression at increasing water activity can be attributed equally to solubility

and diffusivity coefficients, as the Dco, decreases up to a factor 20%, with respect to the

dry value, and it is more pronounced for higher operative temperature. Conversely, the
analysis of CHy diffusivity reveals a negligible effect on the D coefficient in the presence
of water vapor, with a maximum reduction up to 4% of the dry value. Hence, the marked
decrease of CHy solubility coefficient reported in Figure 5.12 seems to be the main
reason for the permeability reduction, likely due to the lower critical temperature of
methane, which determines a weak competition against water vapor for occupying the
sorption sites available within the polymer matrix.

The proposed model is able to represent the experimental data very accurately,
suggesting that the mathematical description is highly meaningful of the physical
mechanisms involved in the transport process. Furthermore, the use of a more rigorous
approach allows for a detailed description of phenomena, with the chance to analyze the
effect of water vapor on the parameters characterizing the permeation process, i.e.
diffusivity and solubility, separately. In particular, conversely to the assumption of the
empirical model previously presented, the decrease in permeability in presence of water
cannot be completely attributed to a variation of the kinetic factor, but it is caused by a
dual effect on diffusion and solubility coefficient, whose extents are function of penetrant
characteristics. Indeed, whereas for CO, a similar decrease is observed for both D and S,
in case of CH4 the solubility reduction dominates over the effect on the diffusion

coefficient.
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Figure 5.16 - CO, diffusion coefficient as estimated by the proposed model as a function of H,O
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Figure 5.17 - CH, diffusion coefficient as estimated by the proposed model as a function of H,O
activity
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5.5 Analysis of the facilitated transport: thickness influence

As reported in the paragraph 2.2, a general solution for the facilitated diffusion across a
selective layer cannot be obtained, but specific boundary conditions must be fixed in
order to solve the transport problem. An accurate mathematical model was proposed by
Noble et al. [166] to describe the facilitated transport mechanism for the simplified
reaction A + B <> AB, in which A represents the CO,, B is the carrier and AB is the
activated complex. The basic differential equations were solved for the determination of
the transport rate in steady-state conditions of both the solute and the carrier complexes,
in the hypothesis that the carrier concentration can be considered constant across the
selective layer. Assuming then no external mass-transfer resistance on both side of the
membrane (Sh — ) is present, the facilitation factor F, defined as the ratio between the
solute total flux (Jror) and the part related to the solution-diffusion transport (Jsp), can be

described by means of the following equation:

J 1+1a]§<
F =100 = = 5.14
Jy . oK (1) 19
1+K A

where o is the mobility ratio, K is the dimensionless equilibrium constant and 4 is defined

as:

1 (14 (e )K"
1_2 ( g(1+K) J -13)

The thickness dependence of F' is expressed by ¢, the inverse of the Damkdhler number,

described as the ratio of the diffusive mass transport rate and the reaction rate:
E=—o (5.16)

where D,p is the diffusion coefficient of the CO,-carrier complex, &, is the constant for
the reverse reaction and J is the selective layer thickness.
Once that the facilitation factor is evaluated, the total CO, permeability can be calculated

as:
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pror :Jror '5:F'JSD’5

COy A

\Pco, Ap €0,

=F Py, (5.17)

The facilitation factor represents the influence of reaction on the overall transport, and
therefore it is clearly thickness dependent, suggesting that also gas permeability is
thickness dependent in facilitated transport membranes, in agreement with the obtained
results. Indeed, the considered experimental data can be well described by the recalled
model assuming that a single overall model reaction is sufficient to describe the CO;
transport in our membranes as it can be seen in Figure 5.19, in which the continuous and
dashed lines have been obtained using Eq. 5.17 for the permeability evaluation. These
results are obtained utilizing 5 different parameters, namely a, K, Dag, k: and Psp, which
have been set to conveniently selected values from the technical literature. The
parameters are evaluated according to the assumption that, in view of the highly
hydrophilic character of the system, the transport is considered to take place mainly in the
water-filled domains present in the membrane, especially at the high water
concentrations. Therefore parameters o and K were fixed to 15 and 5, respectively, as
suggested by Kemena et al. [167], while Dag was chosen equal to 3x10™ cm?/s, in the
same order of magnitude of ions diffusivity in water [65]. The reverse reaction constant k;
was then considered equal to 110 s™', in good agreement with data from the reaction of
CO; and amines [168,169]. Finally, the Psp, which is the CO, permeability related to the
solution-diffusion mechanism, was set equal to 150 Barrer, reasonably in line with values
reported for permeability in pure PVA membranes in saturation conditions [170], also
accounting for the crosslink of the polymer macromolecules in the membranes
investigated, and not far from the values estimated for permeability of CO, in pure liquid
water [32]. The complete set of parameters used in this modeling effort are reported in

Table 5.6, for the sake of completeness.

a K Dy ky Psp
- - (cm’/s) (1/s) (Barrer)
15 5 3x10° 110 150

Table 5.6 - Proposed parameters for facilitated transport model from Nobel et al. [166]
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Figure 5.18 - Modeling the thickness influence on the CO; permeability and permeance

Hence, the model is capable to represent the experimental trends, suggesting that the
permeability behavior thickness dependent can be considered an intrinsic property of the
mechanism of facilitate transport, mainly related to the diffusivity of the CO,-carrier
complex and to the reaction rate. In this concern, it is interesting to notice that the
Damkdhler numbers of the experimental data, calculated with the given set of model
parameters, resulted always higher than 1, pointing out that the observed behavior takes
place when the reaction rate is higher that the activated complex diffusion kinetics, which
therefore controls the overall transport across the membrane.

Finally, Figure 5.20 reports as the continuous and dashed lines the gas pair selectivity
CO,/CH4 and CO,/H; obtained by the present model for the facilitated transport CO,, and
considering an H, and CH4 average permeability equal to 15.3 Barrer and 2.9 Barrer
(average values calculated from the permeability data obtained for the samples with
different thicknesses) respectively. As one can see, the modeling results well compare

with the experimental data.
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Conclusions

A thorough experimental analysis of the performances of different membranes for CO,
separation were carried out, aiming at the evaluation of their potentialities in a wide range
of experimental conditions, in order to have an insight of the physical and chemical
phenomena involved in the transport mechanism. In this concern, different modeling
approaches were proposed to represent the experimental data, with a deep analysis of all
the parameters considered for the description of the mechanism of gas transport, and
moreover their relative weight in the determination of the overall membrane
performances. The proposed modeling study produced simple tools for the description,
and possibly the prediction, of materials behavior under different experimental
conditions.

In the first part, an exhaustive study of Matrimid, a commercial polyimide interesting
for CO; separation applications (mainly CO,/CHy, and also CO,/N;), was carried out,
analyzing the transport properties from different perspectives, useful both for a
thorough theoretical characterization and for a possible scale up of the separation
system.

The effect of different thermal treatments and of physical aging on the gas transport
properties in Matrimid has been investigated by monitoring the variation of
permeability and diffusivity of two different penetrants, CO, and CH4 (paragraph
4.1). The gas permeability and diffusivity were observed to be significantly affected
by the thermal treatment, although the temperature values explored were always well
below the polymer T,. Indeed, an increase of the pretreatment temperature
corresponded to a pronounced permeability decreases: an overall variation close to
50% was obtained by changing the thermal pretreatment temperature from 50 to
200°C. The observed behavior was explained by the proposed theoretical
interpretation based on the free volume theory, according to which the permeability
decreased as the free volume available for the molecules to diffuse in the system was

reduced by the thermal treatment. The energy supplied to the system by the lowest T
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treatment was indeed not sufficient to overcome the energy barriers encountered by
relaxation phenomena, generating a larger free volume within the matrix, hence a
higher permeability and diffusivity. Conversely, at increasing the pretreatment
temperature more energy is available for relaxation processes: a complex molecular
chains rearrangement takes place, producing a free volume reduction, which directly
affects the membrane performances.

Furthermore, the transport properties were also monitored over a period of 3000
hours, in order to investigate the occurrence of aging phenomena for specimens
cured with different thermal protocols. Interestingly, the sample treated at 50°C
exhibited a pronounced transport rate reduction over time, but the extent of this
phenomenon decreased for higher pretreatment temperatures, insomuch as the
samples treated at 150 and 200°C showed stable performance for the entire period of
study. Once again, the results were congruous with a free volume based
interpretation: the more permeable configuration of the samples treated at 50°C was
characterized by a larger departure from the thermodynamic equilibrium, leading to a
higher driving force of relaxation phenomena, and consequent a faster aging rate.
Similar behaviors were observed for the transport properties of two different gases in
Matrimid, as the permeation process was slowed down by the increasing
pretreatment temperature and aging progress to approximately the same extent. The
qualitative analysis of the experimental data by means of the free volume theory
confirmed also the validity of the assumed theoretical interpretation (paragraph 5.3).

Subsequently, the influence of the presence of water vapor on the polymer transport
properties has been investigated for several gaseous penetrants (CH4, N,, CO;, and
He), chosen depending upon their different thermodynamic and kinetic features
(paragraph 4.2). In general, water vapor affected negatively the incondensable
species transport, and the gas permeability decreases down to 50% of dry
permeability value at 75% R.H.. Surprisingly, the extent of decrease was found to be
alike for all the investigated penetrants, in spite of their different kinetic and
thermodynamic characteristics. In addition, the similar P/P, trend observed for the
considered thermal conditions was in accordance with the negligible temperature

dependence of water sorption isotherms. Hence, at a given R.H., the water effect on
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the gas permeation has been directly related solely to the H,O concentration inside
the membrane matrix, which seemed to act independently from the thermal
conditions.

On the basis of the above considerations, a simple modeling approach based on the
free volume theory has been implemented to describe theoretically the humid
permeation process in Matrimid, with the aim of extending it thereafter to polyimides
in general (paragraph 5.4.1). The sorbed water has been assumed to merely fill a
portion of the polymer free volume, thus reducing the amount available for other
penetrants to diffuse across the membrane. According to the low water uptake
observed in the sorption experiments, a negligible water-induced swelling effect has
been assumed, thus considering the polymer density unchanged at increasing the
water concentration in the membrane.

The fractional free volume available for the permeability in humid conditions,
FFEVyumia, was calculated by considering two limiting cases, a) non interacting water
molecules, in which the volume occupied by the unit mass of water was constant and
independent of R.H.; and b) the ideal clustering case, in which the clustered water
molecules did not contribute to the available fractional free volume. The model has
been able to accurately represent the experimental trends with the use of two
polymer-penetrant specific parameters only, when information about pure water
solubility behavior were available. Noteworthy, the values of the fitting parameters
used for the different penetrants were in line with those already reported in the
literature for the description of permeability under dry conditions. The satisfactory
agreement with experimental data indicated that, despite the empirical nature, the
model provides an accurate description of the basic physical mechanism governing
the process of humid permeation in Matrimid.

In order to investigate more in detail the water influence on the transport mechanism in
polyimides and to be able to use the proposed approach in lack of experimental solubility
data, a more rigorous approach has then been also adopted. In particular the NELF
model, able to predict the solubility of gaseous mixture in glassy polymers, was

combined with the Free Volume Theory, in order to give a more complete description of
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the permeation process, in the framework of solution diffusion mechanism (paragraph
5.4.2).

The results obtained from this approach revealed that the presence of an incondensable
species on the sorption process of humid gases had a rather limited effect on H,O
solubility. Thanks to its higher condensability, water vapor can compete stronger for
absorption in the empty voids present in the matrix, causing a consequent solubility
decrease of the other compounds. Methane was affected more severely by the
competitive sorption effect, so that the permeability reduction has been mainly attributed
to the solubility variation rather than the diffusive one. On the other side, CO,, according
to its higher critical temperature, may compete strongly with water for sorption sites and
the overall permeability decrease has been related to the reduction of both solubility and
diffusivity to an equal extent.

Despite the inability of the considered equation of state to represent the water behavior
when self-associating phenomena (e.g. clustering) of H,O molecule occur, the proposed
model was able to accurately represent the permeability behavior under humid conditions
by means of only two adjustable parameters (D; ¢ and f;) for the transport process. NELF
model required two binary interaction parameters (k; for HO and the incondensable
penetrant), for the description of pure gas and vapor solubility, allowing then the detailed
representation of the mixed gas solubility data in a predictive fashion. The use of a
different EoS specifically accounting for the self-association of water molecules would
represent a significant improvement of the present work, together with the extension of
the presented theory to other materials suitable for CO, separation under humid
conditions.

In the second part, the synthesis of facilitated transport membranes containing amino-
functionalized MWNTs has been carried out and their transport properties have been
deeply investigated for different high pressure gas separation applications, aiming at the
identification of the optimal operative conditions (paragraph 4.3).

Despite the outstanding results achieved in low pressure conditions using Lupamin® as
fixed carrier, at 107°C, instability issues arose for a feed pressure of 15 atm, causing a
significant decrease of membrane performance soon after the steady state was reached. In

order to overcome the problem, different fixed carriers have been used for the fabrication
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of the selective layer, and the results in terms of transport properties revealed the
importance of a certain amount of high My species (HMwS), which was able to provide
good and stable separation performances. When the feed pressure has been increased to
28 atm, an increment of the HMwS amount was required to achieve stable performance,
further supporting the validity of this idea. Moreover, it has been observed that under
such severe pressure conditions better performance could be achieved by using only
KOH as mobile carrier.

According to the promising results obtained at 15 atm pressure conditions, the influence
of several operative parameters, such as inorganic loading, water content, operative
temperature and selective layer thickness, on the membrane transport properties has been
examined in order to optimize the membrane efficiency and to improve the theoretical
knowledge of the involved mechanisms.

The affinity between the hydrophilic polymeric chains and the hydrophobic graphene
structure of MWNTs has been importantly enhanced carrying out an amino-
functionalization of the fillers. The use of AF-MWNTs instead of raw MWNTs avoided
the nanogaps formation at the polymer-filler interface, so that the separation
performances remained constant at increasing the inorganic loading. Furthermore, the
water concentration within the polymeric matrix has been observed to play a key role in
controlling the CO, transport rate and the membrane selective feature, mainly because it
is involved in the reaction mechanism and determines the ions mobility across the
selective layer. Accordingly, also the operative temperature had to be carefully controlled
to maximize the separation efficiency, since it can affect simultaneously the relative
humidity of the system (at constant water amount in the feed), as well as the reaction
kinetics and the gas molecules diffusion. However, the membrane performance reached
their maximum in a very narrow range of these two parameters (T and R.H.) and this high
sensitivity to the operative conditions could represent an issue for a further scale up of
these membranes in a real separation process.

Finally, the measured CO, permeability was demonstrated to be thickness dependent, in
the considered range of selective layer thicknesses. This feature has been analyzed by
means of a specific mathematical representation of the transport mechanism in this

peculiar system (paragraph 5.5). The experimental data have been indeed carefully
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represented by the modeling approach proposed by Noble et al. [1], in which the
diffusion reacting system is characterized through a single reaction, considered at
equilibrium, whereas a constant carrier concentration is assumed throughout the
membrane. By using fitting parameters with acceptable values from the practical point of
view, the model was able to describe the permeability increase along with the thickness,
suggesting that the phenomenon is an intrinsic feature of the reactive diffusion systems,
mainly associated to the activated complex diffusivity and the reaction kinetics.

Thanks to the outstanding transport properties obtained in the present work and
considering also the data available in literature, facilitated transport membrane represent
promising materials for CO, membrane-based separation applications. However, in order
to scale up this technology, the theoretical knowledge of permeation in these particular
materials has to be improved, aiming at the understanding of physical and chemical
mechanisms controlling the membrane performances as well as their sensitive

dependency from the operative parameters.
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In the present appendix the data obtained for different permeation experiments are

reported.

A.l1. Thermal treatment and Aging in Matrimid

Permeability (Barrer) Diffusivity (cm’/s) - 10°
Aging Co, CH, Co, CH,
(h) Test temperatures Test temperatures Test temperatures Test temperatures
35°C  45°C 55°C | 35°C 45°C 55°C | 35°C 45°C 55°C | 35°C 45°C 55°C
Thermal Pretreatment at 50°C
un-aged | 17.9 19.7 21.6 | 046 0.63 0.85| 103 148 20.2 | 1.91 2.82 451
360 | 17.1 - - 045 - - 10.0 - - 1.56 - -
1008 | 15.6 17.1 189 | 0.39 0.54 0.70|9.05 112 16.7 | 1.29 226 3.15
2232 114.9 163 179|034 047 0.62|757 11.5 157 |1.12 182 344
2904 | 13.2 145 157 ] 030 040 053499 7.13 888 |0.61 0.89 1.58
Thermal Pretreatment at 100°C
un-aged | 11.8  13.2 143 | 0.30 0.40 0.50 | 599 8.00 10.8 | 0.88 1.26 1.90
1032 | 11.0 123 13.6 [ 027 036 046 | 561 7.71 109 |0.74 1.14 2.11
2208 | 11.0 12.1 13.1 | 0.27 036 046 495 6.61 9.17 |0.68 1.01 1.68
Thermal Pretreatment at 150°C
un-aged | 9.76 10.8 11.8 | 0.24 031 0.40 | 4.68 6.62 8.80 | 0.67 1.00 1.61
1008 | 9.88 10.6 12.0 [ 0.23 0.31 041|502 740 9.72 |{0.70 1.10 1.75
22321951 105 11.6 {024 029 037 444 6.00 846|086 1.13 2.03
3456 [ 9.53 105 11.7 {023 029 039|508 7.28 100 |0.68 1.16 1.83
Thermal Pretreatment at 200°C
un-aged | 9.50 10.5 11.5]024 0.31 040 |566 793 10.6 |0.85 1.30 1.84
1032 | 971 10.8 119|023 030 040|581 798 112 ]0.82 1.27 2.01
22321 992 11.0 122]023 0.29 040 | 547 7.74 106 |094 134 2.18
3120 | 948 10.6 11.5]1024 030 040 | 596 699 9.88 {094 1.86 1.74

Table A.1 - Permeability and Diffusivity coefficients of CO, and CH,4 for Matrimid samples
pretreated at different T at different aging times (un-aged correspond to 48 hours after casting)
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Appendix

R.H. P Err | RH. P Err | RH. P Err
- (Barrer) % - (Barrer) % - (Barrer) %
25°C 35°C 45°C
CH,

0.00 0.16 11.3 | 0.00 0.24 1.5 | 0.00 0.31 2.5
0.05 0.15 12.4 | 0.05 0.23 1.0 | 0.05 0.28 6.3
0.10 0.15 7.3 | 0.10 0.22 3.8 | 0.10 0.27 6.2
0.25 0.13 6.8 | 0.25 0.20 57 | 0.25 0.25 13.6
0.50 0.11 19.6 | 0.51 0.16 5.8 | 0.50 0.21 7.9
0.75 0.08 10.2 | 0.75 0.12 149 | 0.75 0.15 15.6
N,

0.00 0.20 2.4 | 0.00 0.26 3.9 | 0.00 0.35 1.3
0.05 0.19 2.9 |0.05 0.25 7.0 | 0.05 0.33 2.0
0.10 0.19 39 |0.10 0.24 4.1 | 0.10 0.32 33
0.25 0.17 10.8 | 0.25 0.22 9.3 | 0.25 0.27 7.1
0.50 0.15 12.6 | 0.50 0.18 9.2 | 0.50 0.22 13.1
0.75 0.11 6.4 |0.75 0.14 14.6 | 0.74 0.16 13.5
Cco,

0.00 8.4 0.18 | 0.00 9.7 0.31 | 0.00 10.8 0.27
0.05 7.6 0.11 | 0.05 9.0 0.72 | 0.05 10.1 0.18
0.10 7.2 0.08 | 0.10 8.5 0.75| 0.11 9.5 0.50
0.25 6.5 0.37 | 0.28 7.7 0.29 | 0.26 8.5 0.39
0.50 5.5 0.53 | 0.50 6.6 1.31 | 0.50 7.6 0.19
0.75 4.1 1.55 | 0.74 5.1 342 0.75 6.3 1.35
He
0.00 21.5 0.49 | 0.00 254 0.06 | 0.00 30.3 0.24
0.05 20.0 0.12 | 0.05 23.8 0.23 | 0.05 27.9 0.41
0.10 19.0 0.11 | 0.10 22.4 0.37 | 0.10 26.2 0.71
0.25 16.5 0.19 | 0.25 19.8 0.30 | 0.25 22.1 0.52
0.50 12.5 0.37 | 0.50 15.3 0.37 | 0.49 18.6 0.09
0.75 9.5 0.82 | 0.75 12.4 0.95 | 0.75 14.9 0.20

Table A.2 - CHy, N,, CO, and He permeability measured at different relative humidity and
operative temperature for Matrimid (T pretreatment = 200°C)
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DCH4 -10? (cm’/s) DCO2 -10? (cm?/s)
25°C 35°C 45°C 25°C 35°C 45°C
0.84 1.56 2.53 ‘ 5.80 9.01 13.6

Table A.3 - Diffusion coefficient values measured under different thermal conditions in dry gas
experiments of CO, and CH, for Matrimid (T pretreatment = 200°C)

A.3. Facilitated transport membranes

L Feed p C02 Perm COz/Hz COz/NZ COz/CH4

Sampl
ampre (um)  (atm) (Barrer) - - -
S-01*° 16 2 3157 198 380 650
S-02° 27 15 1036 31 - 171
S-03* 19 15 999 35 - 182
S-04° 22 15 729 27 181 -
S-05° 24 15 760 23 155 -
S-06° 31 15 1027 58 368 -
S-07° 31 15 1002 62 379 -
S-08*P 29 15 962 56 360 277
S-09° 30 15 986 53 - 266
S-10° 33 15 880 54 - 250
S-11° 21 15 886 54 428 -
S-12° 32 15 986 54 - 283
S-13° 33 15 1014 54 - 265
S-14° 25 28 224 16 139 -
S-15° 33 28 326 15 147 -
S-16° 33 28 445 13 128 -

Table A.4 - Gas transport properties results for the different samples. Operative conditions: dry
gas flow rate = 60/30 cm’/min (feed/sweep); for 2 atm R.H.=59.2%/47.4% (feed/sweep); for 15
and 28 atm R.H.=100%/72.5% (feed/sweep); T = 107°C; feed composition (a) 20%CO,,
59.8%CHs,, 20.2% H,, (b) 20%CO,, 40%N,, 40% H,
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