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Thesis abstract

The object of this PhD work is the study of innovative, composite and nanostructured
polymeric materials for membrane-based separation and removal of CO, from gaseous
streams.

The research on gas separation membranes, in the last two decades was largely devoted to the
synthesis and fabrication of new, multiphasic materials, such as copolymers, composite
materials bearing fillers dispersed in the polymeric matrix, or functionalized materials having
selective functional groups attached to the polymer backbone. The materials investigated in
this thesis can be divided in three classes:

i) Copolyetherimides: copolymers formed by a glassy polyimide phase, which
confers mechanical and thermal resistance to the polymer matrix, and a rubber
polyether phase, which has stronge affinity with carbon dioxide. This work
originated from a collaboration with the University of Valladolid;

i) Composite membranes, commonly defined as Mixed Matrix Membranes, obtained
by physically dispersing of an inorganic, graphenic filler, phase into an organic
polymeric phase (in collaboration with the start-up company GNext).

iii) Functionalized materials obtained by chemically attaching amine moieties to a
polymeric backbone for the instauration, in appropriate operative conditions, of the
facilitated transport mechanism of CO,. Such work was carried out in
collaboration with the Department of Industrial Engineering of University of

Padua.



All the above materials have the advantage that their transport properties, in terms of
solubility, diffusivity and thus of gas permeability and selectivity, can be tuned and adjusted
for the practical purpose. To this end, in this work, an experimental campaign devoted to the
measurement of transport properties will be supported by a modeling approach on the
continuous scale, for better understanding mass transport properties and the influence of
material formulation on them, and develop easily accessible models for the prediction of
materials behavior.

In the first part of the thesis a description of gas separation with membranes will be shown,
together with a brief description of materials studied in this work and the motivations driving
this study.

After this introductive chapter, experimental methods and apparatuses will be described and a
brief mathematical approach for the measurements of transport properties will be presented,
followed by the description of the materials object of the study, of their formulation and
preparation protocol.

Experimental results will be report separately for the different materials, observing as first in
copolyetherimides the effect of temperature and copolymer composition on solubility and
diffusivity of carbon dioxide, to give a deep explanation of previous results obtained by CSIC
research group and on the dependence of gas separation performance on copolymer
formulation. In addition the effect of water vapor will be investigate to evaluate performance
more near to the reality of gases separation, which involves the presence of water vapor. It
will be observed a similar dependence of two different gases permeability on relative
humidity, which does not compromise separation performances and does not deplete gas
fluxes across the membrane hanks to the presence of hydrophilic moieties in the polymeric

composite membrane.



For Mixed Matrix Membranes, based on PTMSP and graphene based fillers it will be
observed the effect of the different fillers on gases permeabilities, relating it on aspect ratio of
nanoplatelets and on their ability to modify polymer chain packing. Moreover the effect of the
filler will be investigate also during polymer physical ageing, observing that the filler can act
as a mechanical constraint for volume relaxation if it is characterized by a sufficient size able
to reduce and slow the ageing process.

Experimental results on functionalized material based on PAN, will be shown observing the
effect of amine groups on carbon dioxide solubility and permeability in dry and humid
condition and verifying the instauration of a facilitated transport mechanism in presence of
water vapor.

Finally, models for the prediction of transport properties will be described with particular
attention on solubility modeling in copolyetherimides, describing procedures for obtaining

models parameters and their ability to predict solubility of composite membranes.
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Introduction

Introduction

The last century saw a rapid increase of population, growth of country industrialization and
energy consumption, raw material utilization and consequent increase of environmental
impact. Environmental issues due to emissions of pollutant and non-pollutant compounds
from combustion of fossil fuel, process industry or, in general, from anthropologic activity
have assumed a global character. [1] One of those is represented by emission of greenhouse
gases, such as methane and carbon dioxide, which, becoming increasingly interesting topics
for scientific research studies, have been identified as the cause of climate change. Recent
studies affirm that the world population was more than 6.8 billion in 2010 and it is expected
to increase to about 9.2 billion in 2050; this expansion is expected to be accompanied by
equivalent increase in overall energy consumption from 15 TW to more than 40 TW [2]. The
International Energy Agency (IEA) states that in 2013 global CO, emissions reached 32.2 Gt
of CO,, which is an increase of 2.2% with respect to 2012 levels [3]. This was a growth
higher than in 2012 (0.6%), but lower than the average annual growth rate since 2000 (2.5%).
Moreover the increase is strictly connected to increase of emission due to electricity and heat
generation [3].

In this scenario it seems necessary to adopt a strategic program whose targets are: (i) the
energy intensity reduction by more efficient energy conversion processes, (ii) the reduction of
carbon intensity by switching to non-fossil fuels such as hydrogen and renewable energies,
(iii) the development of economically feasible technologies to capture and sequester carbon

dioxide [1-5].
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Carbon capture and storage (CCS) has attracted the attention of many academic and industrial
researchers, to improve existing and traditional capturing technologies such as pre-
combustion, post-combustion and oxy-fuel combustion capture. The main disadvantages of
traditional technologies which are commercially available, such as chemical absorption with
amines, are low CO; loading capacity, high equipment corrosion rate, amine degradation by
SO,;, NO; and HCI and high energy consumption during high temperature solvent
regeneration [1,2,5]. It is possible to say that the regeneration step obtained in a stripping
column consumes between 4 and 6 GJ/ton of CO, recovered, which is a too high energy
consumption that should be largely reduced to make this process economically feasible [6].
These are some of the motivations that in the last three decades drive interest of researchers to
study the thermodynamics and transport phenomena of CO; in polymeric materials. In
opposition to high costs of absorption process, with a membrane module it could be possible
to reduce energy consumption to 0.5-1 GJ/ton of CO, recovered [6]. In spite of this,
membrane separation processes are energy efficient. They are versatile in application and
characterized by operational simplicity. Moreover it has been proved in a previous study that
the use of hybrid membrane/amine processes could be more economical than conventional
absorption processes [7,8].

So the CO, related membrane research activity has been oriented on the fabrication and
operative characterization of innovative performing polymer based materials to be used in gas
separation systems. High attention has been dedicated to the study and characterization of
polyimides, which, having superior thermal and chemical resistance, have been intensively
studied as gas separation membranes due to their high selectivity [9]. In particular in a
membrane separation process, it is important to have a membrane that guarantees high flux of
the more permeable component and high separation factor that correspond to high values of

permeability and selectivity, respectively. It is well known, however, that it is difficult to



Introduction

obtain materials that combine high permeability and selectivity. Indeed, given a certain value
of permeability, there is a maximum selectivity that can be achieved with polymeric
membranes, and vice versa, according to an upper bound drawn by Robeson using the data of
all the polymeric materials known in the literature [10,11]. Usually, due to their rigid
structure, glassy polymers and in particular polyimides show good mechanical properties,
thermal and chemical resistance but modest permeability [9]. On the contrary, high
permeability values can be observed in many rubbery polymers due to the flexibility of
polymeric chains, which however have lower thermo-chemical resistance.

According to the previous considerations, therefore, a possible solution is the design of
copolymers formed by rubbery and glassy domains, in which the properties can be optimized
by a careful choice of the type and amount of different monomers.

In this thesis study attention will be focused on the characterization of two series of
co(polyether-imide)s. These materials are block copolymers formed by two segregated
phases, a glassy phase and a rubbery phase: the first one is a polyimide with rigid structure
and mechanical resistance, and the second one is made of polyether flexible chains which
can guarantee high CO, permeability [12,13], due to their mobile structure but also to a high
affinity with CO,. In particular, the materials studied in this work are two series of
copolymers characterized by a different couple of polyimide and polyether segments, which
have been synthetized by research group of the Instituto de Ciencia y Tecnologia de
Polimeros, CSIC in Madrid, in collaboration with the University of Valladolid. The first set
of materials is made by 3,3’,4,4"-bypheniltetracarboxyilic dianhydride (BPDA), 4,4’-
oxydianiline (ODA) and bis(2-aminopropyl) poly (propylene oxide) (PPO) with nominal
molecular weight of 4000 g/mol. (BPDA-PPO4000-ODA) [12] The second set of

copolymers is made by 3’,4,4’- Benzophenone tetracarboxylic dianhydride (BKDA), 4-4’



Introduction

oxydianiline (ODA) and o,»-Diamine poly(ethylene oxide) (PEO) with nominal molecular

weight of 6000 g/mol (BKDA-PEO6000-ODA) [13].

Another class of materials which has attracted research attention after their synthesis is
represented by high free volume glassy polymers such as poly(1-trimethylsilyl-1-propyne)
(PTMSP), synthetized by Masuda in 1983 [14], amorphous Teflon AF1600 and AF2400,
synthetized by DuPont [15]. The performance of high free volume glassy polymers lies very
close to the upper bound for several gas couples, in the region characterized by high
permeability and medium-low selectivity. However, the majority of such glassy membranes
shows physical ageing, that is a reduction of free volume and gas permeability with time.
Such phenomenon is due to the rearrangement of polymeric chains aimed at the reduction of
the non-equilibrium excess free volume. The ageing process thus arises from the non-
equilibrium state of glassy systems, and can hardly be reduced or hindered without sacrificing
gas permeability: for such reason, high free volume glassy polymers are not yet applied in real
separation processes [16-19]. In this work, in collaboration with the company GNext in
Bologna, the effect of the addition of graphene (G) and graphene oxide (GO) nanoplatelets on
the gas permeability, selectivity and ageing of PTMSP will be investigated. The amount of
platelets added was deliberately small (<1wt%), in order to have a small impact on the cost of
such membranes, and to avoid filler precipitation or agglomeration. It is indeed known that,
for real gas separation applications, the membranes must be obtained in the form of very thin
films (1 um and lower) and that the presence of clusters of fillers of similar size can cause
defects. Moreover we will study the effect of different preparation protocols on the final gas
transport properties, as it is well known that graphene-based composites have a strong
dependence on the preparation route, and extend the analysis also to thin samples of the order

of a few microns, in order to monitor the ageing in conditions closer to real applications.
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Furthermore, the last class of materials taken in consideration is represented by facilitated
transport membranes, produced and characterized in collaboration with the Department of
Industrial Engineering, at the University of Padova. In this kind of materials the addition of
chemical functionalization groups, which can selectively react with CO,, leads to
enhancement of transport properties, both in terms of permeability and selectivity, with the
capability to overcome the Robeson upperbound. Many polymers have been functionalized
and also Polyacrylonitrile [20]. Polyacrylonitrile (PAN) is an important polymer which has
many desirable properties and active nitrile groups present in it allow for the introduction of
new functional groups by specific reactions [20]. In this work we will focus the attention on
the experimental fabrication and preliminary characterization of Polyacryolonitrile
functionalized membranes. The target is to obtain nanofibers by electrospinning of
functionalized PAN, which can be used directly as sorbent materials or can be pressed to
compact the structure, and be used in gas permeation systems. Moreover different
functionalization routes with hexamethylene diamine, ethylene diamine and PAN basic

hydrolysis will be analyzed and materials will be characterized for CO, separation purpose.






State of the art: Membrane separation for CO2 capture

1.State of the art: Membrane separation for CO,
capture

CO;, capture is emerging as an essential and crucial point in many industrial application. As
first it is necessary to remove carbon dioxide from natural gas (NG) streams for two main
reasons: increasing calorific value and prevent pipe corrosion in presence of water during NG
transportation, reaching American standard of maximum CO; content of 2 mol% [1-7]. CO,
is contained in relevant amount also in syn gas produced with biomass gasification and
sequent water gas shift reaction to convert CO to CO, [21]. Biogas upgrading represent an
important field to develop and apply CO, capture technology. It is reported that CO,
concentration after microbial anaerobic digester is around 25-50% [22,23]. Last but not least
it has to be remind CO, removal from flue gas where concentration of CO2 is around 15 vol%
in coal fired power plants and 4 vol% in natural gas based power plants [1-3]. For each of
these applications it has been widely documented that gas separation processes with
polymeric membranes can compete with traditional and commercially available technologies
[7,8,24,25].

The removal of CO, from gaseous stream, i.e. flue gases, natural gas, can be performed by
absorption, adsorption, cryogenic separation or membrane based separation. In the following
a brief description of each technology will be presented with particular emphasis to the
reasons which move the attention to polymeric membranes.

CO, capture is usually performed by absorption with amine solutions. In particular two
columns are implemented and, in the first one, the gas stream, at a pressure generally higher

than atmospheric, and the solvent stream flow countercurrent to each other. In such a way the
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liquid absorbs acid component like CO, and H,S, heavier hydrocarbons and water and is
removed from the bottom of the column. From the bottom, the liquid is heated and is sent to
the stripping column, operated at lower pressure, so that heat and low pressure condition
favors the removal of absorbed compounds, which leave the column from the top, while the
regenerated solvent is recirculated to the first absorption column. Absorption is a well
accepted technology; however the height of the column is proportional to the mass of
component which has to be absorbed. For instance natural gas sweetening requires the
removal of 10%-20% of the total gas stream, which requires large amounts of absorbent
solvent in large towers [8]. Moreover the need to heat and cool down fluids requires well
monitored operative procedures and, in addition, corrosion is a critical issue. Amines are the
most common fluids for acid gas scrubbing, but their degradation leads to the formation of
corrosive mixture which can destroy the system in short time [4-7]. Thus it is evident the
importance and the necessity of constant monitoring of the plant, which limits the use of
absorption technology in remote locations. The cost of absorption process is composed as
usual by capital cost, connected to the cost of the two columns, heat exchangers, pumps and
operative costs, mainly due to pumping work, vapor utility and solvent make up.

An alternative to absorption is represented by adsorption in solid porous media. With
adsorption, gas separation is achieved thanks to the different sorption capacity of gaseous
components in the solid material. Together with good mechanical properties, a promising
adsorbent should possess high selectivity, good adsorption Kinetics, regenerability, thermal
resistance, high surface area and pore size to allow adsorbed molecules to entry the internal
disposable surface [26]. On industrial point Active Carbons (AC) and Zeolites have been used
in fixed bed columns, in which the gas stream is fed to the filter, CO, is adsorbed on the
adsorbent bed and, from the top of the column, the purified gas is obtained. Once the break-

through limit is reached the bed has to be regenerated, i.e. the adsorbed component has to be
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desorbed by Pressure Swing Adsorption (PSA) or Thermal Swing Adsorption (TSA) [26,27].
In PSA, adsorption is performed at higher pressure than atmospheric one, while desorption is
performed at atmospheric pressure. In TSA, the regeneration is achieved by hot air or steam
and components are practically stripped from the solid sorbent. In both cases, to achieve
continuous removal of CO; from the stream, a number of dual columns are necessary, which
depends on the time needed for CO; to be adsorbed, for regeneration of the exhausted bed,
and cooling of the regenerated column. In general, the technical feasibility of the process
depends on the adsorption step, while the desorption step should control the economic
viability. Strong affinity of the adsorbent for removing undesired components from the gas
mixture is essential for an effective adsorption step, but the stronger the affinity, the more
difficult is to desorb the gas and the higher energy is consumed in regenerating the bed for
reuse in next cycle [28].

A relatively novel capture technology is based on cryogenic removal of carbon dioxide. Two
advantages of the cryogenic operation with respect to absorption is that no chemical
absorbents are required and that the process can be operated at atmospheric pressure. The
main disadvantage is represented by very low temperature to be reached to liquefy CO,
[1,2,5]. Moreover the water content should be minimal to prevent plugging by ice and
unacceptably high pressure drop in the system. In addition, during liquefaction of carbon
dioxide, heat transfer coefficient in heat exchangers can dramatically decrease due to the
formation of a layer of solid CO,, which reduce the process efficiency and constrict heat
transfer apparatuses to be regenerated at higher temperature, avoiding excessive mechanical
stresses of the structures [28].

Membrane based gas separation involves the presence of dense layer of membrane, which can
be considered as a selective thin barrier that discriminates the permeation of targeted gases

depending on favorable interaction or molecular sieving ability. In general membrane gas
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separations are pressure driven processes, thus the driving force for the separation is given by
a difference in partial pressure of components in the feed and permeate stream. Usually the
feed stream is compressed at a pressure higher than atmospheric pressure and is sent to the
permeation module, from which two streams are obtained, the permeate, enriched in the more
permeable components, and the retentate, enriched in the less permeable components. In
natural gas sweetening it is possible to use the high pressure of the gas well as the driving
force of the process, reducing operative costs connected with large volume gas compression.
As an alternative if the process stream is near atmospheric pressure, i.e. in flue gas CO,
separation, the driving force for the process can be created maintaining the feed at
atmospheric pressure while the permeate can be processed under vacuum. in membrane
processes, different configurations can be considered depending on the desired product and on
the purification grade desired. In Figure 1.1 schematic sketches of CO, separation from
natural gas are reported. With one single stage the loss of methane can be considerable due to
not negligible flux of methane through polymeric membranes. With a two stage configuration,
methane losses are reduced and achieved by feeding the permeate of the first module to a

second module, resulting in a more economically viable solution.

One-stage plant
10 MMscfd
10% CO, 1,800 m? —= 2% CO,

800 psia
\—» 44% CO,
25 psia
Methane loss: 11.5% use for fuel or flare
Two-stage plant
10 MMscfd
10% CO, 2,000 m? —= 2% CO,
800 psia
10% CO,
44% CO,
300 m?
400 Kw
I compressor
86% COQ,
Methane loss: 1.5% to vent

Figure 1.1: Sketch of gas permeation membrane plant configurations.
10
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Currently membranes used for gas separation applications are produced as hollow fibers or
flat sheets packaged as spiral-wound modules, as reported in Figure 1.2. Hollow fiber
modules, in particular, allow large areas of membrane to be packaged into compact membrane
modules. Up to now two thirds of the total market of gas separation involves nitrogen or
water separation from air and hydrogen from ammonia purge stream or syngas. These are gas
streams relatively clean and free of fouling or plasticizer components, so hollow fiber
modules can work well. However growing application areas for membrane separation
technology are in natural gas sweetening or refinery and petrochemical plants, where gas
streams contain multiple components, such as heavy hydrocarbons, aromatics, CO, and H,S
which can degrade and plasticize the membrane. Moreover the gas is typically at high
pressure, 30-60 bar, so under these operative conditions flat sheet membranes assembled as
spiral wound modules should be preferred. Currently both kinds of modules are produced by

different companies as reported in Table 1.1.

Table 1.1: Principal suppliers of Membrane Natural Gas separation systems [8].

Company Module type Polymeric material
Medal (Air Liquide)  Hollow Fiber Polyimide
W. R. Grace Spiral Wound Cellulose Acetate
Separex (UOP) Spiral Wound Cellulose Acetate
Cynara (Natco) Hollow Fiber Cellulose Acetate
ABB/MTR Spiral Wound  Perfluoro polymers dilicone rubber
Permea (Air Products) Hollow Fiber Polysulfone

11
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Figure 1.2: Schematic representation of Hollow fibers and Spiral Wound membrane modules [30].

The first membrane system for CO, separation from natural gas stream was produced by
Grace Membrane System (a division of W. R. Grace), Separex (at now a part of UOP) and
Cynara (now part of Natco). These companies used asymmetric cellulose acetate membranes

produced according to Loeb-Sourirajan technique. Cellulose acetate is still widely used but

12
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has begun to be challenged by new kind of membranes made in polyimide and
perfluoropolymers [7,8].

One of the main trend in commercial membranes is to produce composite membranes instead
of asymmetric ones. Asymmetric membranes have typically a dense, thin (0.1+1 um),
selective layer that performs the separation on a microporous substrate mad in the same
material, which provides mechanical support and resistance. However the method used to
prepare anisotropic phase inversion membranes limits the number of materials that can be
considered to give high performance membranes [7]. For these reasons membranes are
increasingly forms as composite structures. Moreover composite membranes contain less than
1 g of selective polymer per square meter of the membrane, on the contrary Loeb-Sourirajan
membranes can use 40+60 g of the selective material per square meter of membrane. In
addition new membrane applications require expensive polymers for the selective layer
realization, which can cost up to 10+20 $/g or more and could not be economically fabricated
as asymmetric membranes [30]. In Figure 1.3 a schematic representation of asymmetric and
composite membrane is reported, taken from [30].

(a) Flat sheet and hollow fiber Loeb-Sourirajan
Anisotropic Phase Separation Membrane

r—— Selective Layer

I ; | !! : | N Protective coating layer
i |
) + ry 'i 1o bt

MJJMJ#MMI/W/J”_&’””M «— Selectjve |

.\ 1,000 A thic

Gutter layer

Support membrane

Figure 1.3: Schematic representation of asymmetric membranes (a) and composite membranes (b).
13
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Composite membranes consist of two or more layers of different materials. The support layer
IS microporous, does not perform any separation and does not any resistance to mass
transport, but is mechanically strong, chemically stable and can be made from a number of
low cost polymers, such as polypropylene, nylon. The selective layer can be coated directly
over the support, but better performing membranes are obtained when a gutter layer made
from a highly permeable polymer is used. It also serves to conduct the permeating gases to the
pores of the microporous support. Finally a protective layer of 1+2 um, of highly permeable
polymer, should be deposited over the skin to protect the membrane from chemicals or
mechanical abrasion [8,30].

So about the capital cost of the separation process it can be said that the cost of the membrane
used is only a small fraction, around 4%, of the final membrane skid cost, which is attested to
be around 500 $/m* of membrane. High skid costs arise because of many pressure vessels,
pipes, flanges and valves required [8].

On a practical point of view it has been reported that membrane systems are conveniently
installed for small size natural gas sweetening application, for feed less than 6000 Nm?*/h and
remote locations, since amine absorption is too complicated for small productions. In addition
membranes results competitive for systems up to 50000 Nm®h and also higher, up to 80000
Nm3/h in the case of off-shore platforms [7]. Considering also the fact that there are not
moving equipments, except for compressors, and complex control schemes, membrane
processes offer a simple and low maintenance process option. In definitive membrane gas
separations represent advantages for off-shore industry and membrane technology is an
environmentally friendly alternative to traditional amine absorption, because of no
requirements for phase change or chemical additives.

In addition Favre et al. [6] provided a comparison between polymeric dense membranes and
amine absorption in post-combustion CO; capture. They observed that the energy requirement

14
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for membrane processes is connected to CO, concentration in the flue gas. In particular for
separating a mixture containing 10% of carbon dioxide, the energy consumption is higher
than that of absorption. However for concentration of CO; higher than 20% the energy
requirement is comparable or even lower than that of absorption.

Moreover it has to be considered that membrane processes can be very easily expanded, since
it only requires the addition of identical modules and it is not necessary to predict the possible
expansion during the design step. On the contrary, cryogenic units can not be expanded if it is
not foreseen during the design, while absorption can be expanded, but it requires additional
design considerations and calculations [29].

Furthermore, it has been demonstrated that integrated processes such as amine scrubbing
followed by membrane gas separation modules can achieve higher CO, removal efficiency
and can represent higher economically solutions [7,8]. In addition membrane separation
technology should be preferred in those applications, in which for logistic issues, it is

necessary to operate with simplified and compacted plants.

1.1 Theoretical background
Dense polymeric membranes are commonly considered for membrane based gas separation

application, because of their structural, conformational and sorption properties, they are able
to separate mixtures of gaseous compound. Two main quantities have to be considered
regarding dense membrane for gas separation: the permeability, which is related to process
productivity and the selectivity which is related to membrane separation ability.

Membrane gas separation is a pressure-driven process and the permeability of a gaseous
species i is defined as follow:

= (L)

p* - pidown

15



State of the art: Membrane separation for CO2 capture

In equation 1.1 J, is the diffusive flux through the membrane, | is the membrane thickness

and ()i“" — plo : is the partial pressure difference of the component i across upstream and

downstream side of the membrane. So the permeability of a gas is defined as its flux divided
by its partial pressure gradient across the membrane.

Many units can be considered to report permeability data but the most used is the Barrer

10 cm?(STP) -cm

1Barrer =10 :
cm®-cmHg - s

(1.2)

The transport of light gaseous species in dense polymeric membranes can be described by the
solution-diffusion mechanism, illustrated in Figure 1.4, which assumes that permeating
species dissolve in membrane and diffuse through it. On a practical point of view the
permeation can be summarized as the sequence of three steps: (i) the sorption of the interest
gas on the upstream side of the membrane, (ii) the diffusion of the gas inside the membrane,

(iii) the desorption of the gas in the downstream side of the membrane.

Upstream side Downstream side

up
b

Figure 1.4: lllustration of solution-diffusion tansport mechanism.
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The dissolution of the gas is usually described by Henry low as reported in equation 1.3

which substituted in Fick law, generalized for unidirectional transport, reported in equation

1.4, results in solution-diffusion model, as reported in equation 1.5. In these equations S; is

the solubility coefficient and D, is the diffusion coefficient.

;=S p (1.3)
up _down
3. -D, % (1.4)
up _down
J,=D,-S, L o (1.5)

Comparing equation 1.1 and 1.4, it is possible to observe that the permeability can be
calculated as the product of a kinetic factor D,, and a thermodynamic one, S;, as reported in
equation 1.6.

B=D-5 (1.6)
Diffusivity is a kinetic parameter which indicates the mobility of molecules thorough
polymeric chains and thus it depends mainly on temperature, polymer free volume and gas
molecules size. Solubility is a thermodynamic parameter which gives information about the
sorption uptake of the gas in the polymer and is mainly affected by temperature and penetrant
condensability, the latter connected to penetrant critical temperature.

Diffusivity dependence on temperature can be well described by Arrenhius type equation,

while solubility by Van’t Hoff equation reported as follow in equations 1.7 and 1.8, in which
E, is the diffusion activation energy and Aﬁs is the sorption enthalpy, R is the universal gas

constant and T is the temperature:

(”‘_DJ __Ep (1.7)
oUT]), R
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Generally E, is positive because diffusion is an activated process, while AH; is a negative

number because of exothermicity of sorption. As a consequence of solution-diffusion model,
permeability dependence on temperature can be expressed with equation 1.9, in which Ep is
the activation energy for permeation and, usually, it is positive in number, leading to

permeability increase with temperature:

2P E, Ep+AH,
onP ) _ Ee_ Ep*AHfs 1.9
(a(/TJp_ R R (19

The separation factor for membranes application is usually named selectivity and represents
the efficiency of the separation offered by the material. In general it depends on components
permeabilities and partial pressures in the feed and permeate side, but in the limit of
negligible pressure in the permeate side it can be calculated as the ratio of component

permeability as follow:

up. [y down P D -S,
= ylu yldown dvﬁ —= : : =aDaS (110)
yy Ly eemoo B Dy - S

i/

Moreover from the application of solution-diffusion model the selectivity can be decoupled in
two terms: diffusivity selectivity, «, and solubility selectivity, ¢, and depending on the

material the first or the latter can be predominant. Diffusivity selectivity is strongly influenced
by the size difference between the penetrant molecules and the size-sieving ability of the
polymer matrix, whereas solubility selectivity is controlled by the relative condensability of
the penetrants and the relative affinity between the penetrants and the polymer matrix.

It has to be remind that rigorously in equation 1.10 the permeability should come from mixed
gas state, but to have an indication of the separation performance one can consider the ideal

selectivity which refers to pure gases measurements as follow:
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P
aiI/DjEAL: % (1.11)

j.pure

It is well known that a trade-off exists between selectivity and permeability and in particular
that an increase of permeability is usually accompanied by a decrease of selectivity, and vice
versa. This permeability-selectivity trade-off was demonstrated and revised by Robeson,
respectively in 1991 [10] and 2008 [11], who analysed a wide number of polymers and

observed that the permeability of the more permeable gas is related to the gas pair selectivity

by the following empirical law:

P =ka, (1.12)

ilj
In Figure 1.5 trade-off curve is reported for gas pair CO2/CHyg, in which it can be observed
only a modest shift of the upperbound from 1991 to 2008 one.

10*

10

0.0001 0.01 1 100 10*

P(CO?) Barrers
Figure 1.5: Robeson plot for the gas couple CO,/CH,, taken from ref [10].
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It was observed that a linear relationship exists between —1/n and the difference of the gas
molecular diameters (d; —d;). This observation revealed that the diffusion coefficient governed
the upper bound limits [11].

At now while many materials have surpassed the upperbound of 1991, only few materials
have been surpassed the revised bound of 2008 and some of them are thermally rearranged
polymers, polymers of intrinsic microporosity, facilitated transport membranes. One of the
challenge nowadays in membrane gas separation research is to overcome Robeson
upperbound to demonstrate the superiority of the transport properties of the synthetized

materials.

1.2 Trends on CO, separation membranes
A large number of polymeric materials has been investigated and developed for gas

separations, but the number of polymers used in commericial systems is still limited and the

main rubbery and glassy polymers used are reported in Table 1.2.

Table 1.2: Most important glassy and rubbery polymers used in industrial membrane separation [7].

Rubbery polymers Glassy polymers

- Poly(dimethylsiloxane) - Cellulose acetate

- Ethylene oxide/propylene oxide -

Polycarbonates
amide copolymes - Polyimides
- Poly(phenyleneoxide)

- Polysulfone

Almost all industrial gas separation systems utilize glassy polymers because of high
selectivity and mechanical properties. In the last years high interest has been concentrated on
glassy polyimides [31-36], which have high separation performances together with high
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chemical, thermal and mechanical resistance. The most interesting polyimides are
heterocyclic aromatic polyimides, which have very high mechanical and physical properties.
Their selectivity is conferred by high rigidity due to high intermolecular bond between
carbonyl groups, nitrogen atom, and aromatic elements in the chain which give strong
constraints to chain mobility. Even if they are very stable, due to very high glass transition
temperatures, some of them tend to relax in presence of carbon dioxide or other plasticizing
components.

Recently Thermally Rearranged polymers, TR polymers, have been studied as membrane
materials [37—41]. They are aromatic polymers with heterocyclic rings prepared by thermal
conversion of polyimides with ortho-functional groups [39]. TR polymers have aromatic
structure with rigid polymeric backbone and have not processability. However, the precursor
polymer is an aromatic polyimide, which is used in many industrial applications, can be
processed, and so it is easy to form TR polymers into any shape such as flat sheet films or
hollow fibers [32]. CO, permeability in TR materials is enhanced by more than two orders of
magnitude over that of the precursor polymer and typical glassy polymers. In addition
separation properties can be controlled by the degree of thermal rearrangement, which is
determined by thermal treatment conditions.

Polyacetilene-based polymers have been studied extensively for gas and vapor separation
applications [42-50]. These amorphous glassy materials are characterized by very high glass
transition temperature, usually higher than 200°C, low density and very high gas
permeability. In particular poly(1-trimethylsylil-1-propyne), PTMSP, has the highest gas
permeability of all known polymers, which results from its high excess free volume and
interconnectivity of free volume elements. Its very open structure leads the separation to be

governed by solubility selectivity.
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Another interesting high free volume glassy polymer is amorphous Teflon AF2400, which
possesses many advantages as membrane material, including chemical stability and low
susceptibility to swelling [15]. Together with Teflon AF1600, Teflon AF2400 is the most
permeable perfluoropolymer with CO, permeability of 3900 Barrer and CO,/CH, ideal
selectivity around 7. Moreover unusually low hydrocarbon vapor sorption has been shown,
due to unfavorable interaction between hydrocarbon and fluorocarbon polymers [7].

Polymers of intrinsic microporosity [51], PIMs, have been recently synthetized by Mc Keown
et al. These materials are obtained by forming a backbone that has no conformational freedom
but is sufficiently contorted to prevent an effective packing. In suh a way they show high
surface area per unit volume similar to inorganic porous materials and high thermal
resistance. Differently from conventional non soluble microporous materials, they have good
solubility in common solvents and easy processability. PIM polymers have shown to be
selective towards CO, with very high permeability, around 1000 Barrer, that locate their
performances separation very close to the Robeson upperbound.

Many interesting physical and separation properties have been observed for different glassy
materials, as aforementioned, but typical critical issues encountered with glassy membranes

are CO; induced plasticization and physical ageing.

1.3 CO; induced plasticization
In CO, membrane separation, it is well known that CO; acts as a plasticizer [52-55]. On a

practical point of view, plasticization of the polymer occurs when the CO, concentration is
high enough to swell the material and increase the segmental chain mobility. In general
plasticization of glassy polymers is defined as the increase of CO, permeability as a function
of feed stream pressure and the minimum pressure necessary to induce the permeability

increase is called plasticization pressure.
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Due to the swelling of the matrix also CH4, or in general less permeable components,
permeations are accelerated and as a consequence the membrane loose its selectivity. So the
difference between pure gas membrane selectivity and the selectivity measured with high
pressure natural gas is due to membrane plasticization. In addition to CO,, natural gas
contains few percents of heavy hydrocarbons and variable quantities of hydrogen sulfide,
which are absorbed by membranes and often have effect on membrane plasticization as
carbon dioxide .
Several strategies have been used to overcome membrane plasticization:

- Feed pretreatments, to remove aromatics and heavy hydrocarbons

- Crosslinking, to make the membrane more resistant to plasticization [60—63]

- Use of polymers such as Teflon-like perfluoropolymers which are resistant to

plasticization of CO,, H,S and hydrocarbons [64].

1.4 Physical ageing
Rubbery polymers are equilibrium structure and they can be theoretically approximate to very

viscous liquid.

Imaging to cool down a rubber, measuring its specific volume during the temperature
variation, one should obtain the qualitative output reported in Figure 1.6.

Behind the glass transition temperature the slope of the curve specific volume versus
temperature decreases indicating that the glassy state is reached. Glassy materials are not
equilibrium structures and their properties are strongly dependent on their preparation
protocol and time-temperature history. Because of their non-equilibrium state glassy polymers
are characterized by excess properties such as enthalpy, entropy and volume. Due to excess
free volume with respect to equilibrium they tend to evolve toward the equilibrium with a

process known as physical ageing, which leads to properties variation during time [16-18].
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Figure 1.6: Polymers specific volume dependence with temperature and schematic representation of
physical ageing, taken from ref [65].

Physical ageing consists in a volume relaxation and densification, which affect those
properties that are dependent on free volume such as permeability, enthalpy, brittleness and
many other properties. On a practical point of view materials subject to physical ageing could
not be used as membranes due to their instability during time, which causes a permeability
drop and consequent decrease of expected performances. Nevertheless physical ageing is a
thermoreversible process. It means that the thermal treatment of a polymer above its glass
transition temperature, lead it to rapidly reach the equilibrium condition and forget any
previous history that it could have undergone below T [18].

A wide number of studies has been carried out on glassy polymers suitable for gas separation,
such as Matrimid®, PSf, PPO, monitoring their ageing on gas permeability measurements and
free volume measurements by ellipsometry an observing the effect of thickness on the
phenomena. [16,65-68]. What has been observed is that ageing rate is a function of film
thickness. In particular for thicknesses in the range of several micrometers up to millimeter

scale ageing rate is not a function of film size; this is the case of so called bulk films for
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which it is expected that properties are independent on film thickness. For films with
thickness in the range from 100 nm up to several micrometers, which is the range of interest
for membrane applications, it is possible to observe a dependence of ageing rate with film
thickness, and in particular the relaxation rate increases by decreasing the film thickness
[16,65]. Also for PTMSP Dorenkoo and Pfromm observed a dependence of ageing with film
thickness [19]. At 35°C bulk film with 85 um thickness did not show a significant decline of
He and N, permeabilities over 7 days testing, while thin films encountered accelerated ageing,
showing for He a decrease of the permeability of 50% and 92% and for N, a decrease of 63%
96%, respectively for 1 and 3 um thick samples [19]. On a general point of view it can be
assumed that during physical ageing holes and vacancies diffuses through the surface of the
sample and escape from them. So it can be regarded as a diffusive process in which the
driving force is the gradient of time and special dependent free volume. This assumption is
validated by the ageing rate linear correlation with t /17 [16].

As polymer free volume decreases during physical aging, the permeability of larger gas
molecules declines more rapidly than that of smaller ones. Thus, the relative permeability
decline of CH4 will be greater than that of CO, (since CHy is the larger molecule), and an
increase of CO,/CH, selectivity will be observed as the polymer ages. Furthermore, usually,
physical ageing leads polymer performances moving parallel to Robeson upperbound and,

consisting to this, a decrease in permeability is followed by increase of selectivity.

1.5 Materials studied in this work

1.5.1 Copoly(ether imides)

As said in introductive section, glassy polyimides represent an important class of material
tested for gas separation. Unlikely due to their glassy state at room temperature, as reported

by many authors [16,65-68], they are affected by physical ageing, which makes them less
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attractive for membrane separation systems. In addition polyimides are sensitive to
plasticization, which leads to increase of permeability but a rapid decrease of process
selectivity [69]. Moreover polyimides are hydrophobic or weakly hydrophilic [9]. On a
practical point, it is well known that condensable components, in particular water, present in
the gaseous mixture, undergo competitive sorption with CO; in hydrophobic membrane. The
higher condensability promotes H,O in the competition with other penetrants for sorption in
the microvoids of the material. The CO, and CH,4 permeabilities are reported to decrease up to
60% in 6FDA-TMPDA and Matrimid polyimides increasing the water activity of the feed
stream [70]. Ansaloni et al. [71] extensively studied the effect of water on the permeation of
He, N,, CH4 and CO, in Matrimid®, observing that permeabilities decrease in the same way
for all gases up to 50% at 75% R.H. with respect to dry condition. It can be hypothesized that
the decrease in permeability with R.H. can be due to the partial occupation of polymer free
volume with consequent reduction of diffusive pathways for gas molecules, as confirmed by
modeling analysis [71].

Finally it has to be reminded that polyimides, because of tunable free cavities, possesses
extraordinary ability to separate complex mixture of gases in many application. Usually these
materials have high selectivity to CO, but do not exhibit sufficiently high permeability [9]. In
order to increase permeability without compromising permselectivity, an approach may be the
introduction of CO,-phylic moieties able to interact with the targeted gas [12,13,72].

Okamoto et al. [73], synthetized PEO containing poly(ether imide) copolymers with
microphase-separated structures, consisting of microdomains of rubbery polyether segments
and of glassy polyimide segments. It was observed that the permeation occurred through PEO
domains while the glassy phase contributed to film formation and mechanical properties [73].
In these materials high CO, solubility in the polyether phase guaranteed high separation

performance both in terms of productivity and separation efficiency. In particular for different
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polyimides considered, both CO, permeability and CO,/N, selectivity increased by increasing
PEO content in the copolymers, which guaranteed solubility selectivity to materials
predominant to diffusivity selectivity. Moreover increasing the polyether chain length it was
observed an increasing CO, permeability, because of higher phase segregation in the
membranes.

After the work of Okamoto, many researchers have intensively investigated PEO-containing
poly(ether imide) copolymers membranes for CO, separation applications. In recent years
Tena et al. [13] have found direct relationship between permeability and phase segregation,
which increases with thermal treatment of copolymers. It has been observed that permeability
increases when polyether content increases in the material, without substantial effect on ideal
permselectivity, and similar results have been obtained also for copoly(ether imides) obtained
from BPDA-ODA and polypropyleneoxide [12]. Another positive aspect is the relative low
temperature necessary for the complete imidization of copolymers, compared with high
temperatures, above 300°C, to achieve complete imidization of polyimides. Finally these
copoly(ether imides) result CO, selective due to high affinity of polyether with carbon
dioxide, which guarantee high solubility selectivity.

Moreover the incorporation of rubbery phase into glassy phase may be a way to reduce or
avoid physical ageing. Furthermore the presence of highly hydrophilic domains, such as PEO
or PPO, inside the glassy matrix may be able to give better behavior during humid gas

permeation, which is a real aspect to face in membrane based gas separation.

1.5.2 Mixed Matrix Membranes
The performance of polymeric membranes can be improved by incorporating inorganic fillers

to form Mixed Matrix Membranes, MMMs [74-88]. In MMM s it is important to use as small
as possible particle to yield more polymer/particle interfacial area and potentially improve

membrane separation performance through affecting polymers chain packing and molecular
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transport. Moreover the use of nano-sized particle is necessary during thin film fabrication.
Another important aspect is to avoid filler agglomeration caused by sedimentation, which
could cause inhomogeneity during filled membrane formation.

Both porous permeable and dense impermeable fillers have been used to improve membranes
gas separation performances. Porous micrometric inorganic fillers endowed with high
permselectivity can be employed for this purpose, as it was verified for instance by adding
carbon molecular sieves to commercial polyimides [76]. In most cases inorganic fillers have
superior selective properties than polymeric matrices and so incorporation of small amount of
them inside the organic phase can result in a significant enhancement of the separation factor.
Recently Metal Organic Frameworks have been employed in MMMs fabrication. Up to 20%
of IRMOF-1 was dispersed in Matrimid® and Ultem® observing up to 3 fold improvements in
CO, permeability without significant loss of selectivity [89]. After this first successful result
many other MOFs, such as HKUST-1, due to its zeolite-like structure, have been considered
for CO,/CH,4, CO,/N, due to their high sorption capacity and selective behavior toward CO,
[89].

Contrary to the aforementioned MMMs consisting of porous filler and polymeric matrices,
impermeable nanometric fillers can be used to tune separation performances of polymeric
membranes. Impermeable, non- porous, nano-size particles, like fumed silica, added to glassy
polymers in solution allow to enhance gas permeability and, in some cases, the selectivity
[77-88]. Indeed, such nanoparticles seem to reduce the packing and aggregation of polymer
chains during film formation, thus enhancing the free volume, as it was confirmed by both
experiments and models [84-88]. On the other hand, when silica particles are generated in situ
in polymeric solutions, the free volume and mass transport coefficients of the composite film
are lower than those of the pure polymer, which is exactly opposite to the result obtained

when preformed silica nanoparticles are added to the solution [81]. Such behavior was

28



State of the art: Membrane separation for CO2 capture

explained by assuming that, if silica particles are formed after contact with the polymeric
solution, rather than before it, the final film is a hybrid organic/inorganic structure, in which
polymeric chains and inorganic domains are deeply connected. Such network shows a lower
free volume and smaller fluid transport rates than the neat polymer [86]. It is thus evident that
some inorganic fillers, although nearly impermeable like fumed silica, when added in solution
to glassy polymeric materials can modify the solid microstructure and the separation
performance of the resulting membranes.

The discovery of graphene with its combination of extraordinary physical properties, such as
thermal and electrical conductivity, and ability to be dispersed in various polymer matrices,
has created a new class of polymer nanocomposites [90-92]. Defect free graphene sheets are
impermeable to all gas molecules, and so the combination of polymeric membranes with
graphene makes possible large scale barrier membranes with mechanical integrity. Recently
graphene and graphene oxide sheets have been considered as molecular filters to separate gas
molecules [93]. As said before graphene is impermeable, however during graphene deposition
over polymeric substrates, irregularly alignment leads to the formation of gas permeable
interlayer spacing, which can results in the realization of an ideal membrane in terms of
selectivity and permeability. Kim and coworkers prepared ultrathin GO membranes on a
polyethersulfone (PES) support membrane, obtaining selective transport of CO, over
hydrogen, methane and nitrogen [94]. In particular it was observed that selective gas diffusion
can be achieved by controlling gas flow pathways and pores. Li et al. showed that structural
defects on molecular sieving GO membranes provided highly H, permeation over CO, and N,
[95]. So it seems that different fabrication approaches lead to GO membranes with different
microstructures and separation properties. Shen et al reported a methodology for fabricating
membranes that involves GO assembly in polymeric environment, utilizing favorable

interaction between GO and the polymer to provide the stacking of nanosheets into weel
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defined GO laminates in which the interlayer spaces could provide molecular sieving
channels [96]. The polymer considered was commercial PEBAX and they observed that
membranes allowed fastest transport of CO, and very low permeation of other gases like
methane and nitrogen. In particular GO was considered to create a large number of cavities
and in addition the interlayer spacing of the GO laminates was approximately 0.35 nm which
allows a cut-off in permeation of molecules with kinetic diameter greater than this value, i.e.
N, and CH4. The CO, permeability reached 100 Barrer and CO,/N, selectivity was 91,
breaking the permeability/selectivity trade-off relation in polymeric membranes. Recently Li
et al, considered the combination of carbon nanotubes, CNTs, and GO nanosheets in
commercial polyimide Matrimid [97]. It was observed that mixed matrix membranes showed
higher T4 with respect to pure polymer, due to filler polymer interfacial interactions and
polymer chain rigidification. In particular an optimal formulation was for 5% of GO and 5%
of CNTs content which lead to an increase of free volume cavity size due to disruption of
polymer chain packing and thus to enhancement in CO, permselectivity. Similarly the
addition of GO in a commericial polyimide BPDA-ODA, influenced transport properties,
depending on the total amount of nanofiller in the polymer matrix [98]. The optimal
formulation resulted to be 1% wt. with simultaneous maximization of CO, permeability and
CO,/N; selectivity.

It is reasonable to expect that the addition of filler also affects the ageing kinetics of glassy
membranes, that is ultimately related to their relaxation time. Some studies indeed evaluated
the reduction of ageing obtained by adding functionalized carbon nanotubes to a high free
volume structure such as the polymer of intrinsic microporosity (PIM-1) [99], or by adding
microparticles of porous aromatic frameworks (PAF) to different glassy polymers [100].
Kelman et al. found that the addition of 10wt% polysiloxysilsesquioxanes (POSS)

nanoparticles reduces the ageing of poly(trimethyl silyl propyne) (PTMSP), evaluated in
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terms of loss of O, N, and CH,4 permeability over 6 months on thick (100 um) samples.
However, the POSS-filled polymer has much lower gas permeability than pure PTMSP, even
after 6 months [101] Matteucci et al. studied the effect of MgO and TiO; nanoparticles on the
ageing behavior of PTMSP samples through changes of CO, permeability over 40 d. They
found, in particular, that addition of TiO, nanoparticles up to a volume fraction of 20%
(corresponding to about 55wt%) reduces the physical ageing of PTMSP, while the same
amount of MgO particles does not affect ageing of PTMSP. A fairly large volume fraction

(75%) of MgO is required to reduce ageing of PTMSP [102-103].

1.5.3 Facilitated Transport Membranes
Facilitated transport membranes is taking on great importance in membrane based gas

separation processes, since Scholander [104] demonstrated oxygen facilitated transport with
hemoglobin carriers. Several researchers reported that fixed site carrier membranes are
attractive candidate for facilitated transport and show enhanced stability with respect to
mobile carriers membranes. Facilitated transport membranes were fabricated and tested by
many authors for different applications. Funke et al. [105] immobilized Ag" ions in Nafion
membrane to separate butane isomers via facilitated diffusion. Fixed amine carriers were
incorporated by Huang et al. [106] in poly vinyl alcohol (PVA) and used to increase CO2/N,
selectivity up to 170°C. Deng et al. [107] fabricated poly vinyl alcohol (PVA) and polyvinyl
amine (PVAmM) blends, obtaining CO,/N, separation factor around 174 and CO, permeance
up to 0.58 m*(STP)/m? h™* bar™, in particular it was observed that PVAm with fixed amino
carriers facilitates CO, transport while PVA added mechanical strength to the membrane. In
these membranes high selectivity and gas permeability can be achieved thanks to the fact that
a targeted gas, like CO,, can permeate selectively by a reversible reaction with carriers, bound
covalently to solid polymer, while other gases, like N,, can permeate only by solution-

diffusion mechanism. Moreover the presence of water, due to CO, hydration reaction taking
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place in water-swollen membrane, should enhance the facilitation effect with respect to dry

condition [105-107].
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Figure 1.7: Schematic description of CO2 facilitated transport, taken from ref. [60].

The reaction of CO, mechanism can be described by the zwitterion mechanism, according to
which as firs CO, reacts with primary to form zwitterion as an intermediate (eq. 1.13), which
is then deprotonated by amines and water to form carbamater ion (eq. 1.14 and eq. 1.15),

which can react with water to form bicarbonate (eq. 1.16).

CO, + RRH'NH <> RR'NH *COO" (1.13)
RR'NH*COO™ + RR'NH <> RR'NCOO™ + RR'NH; (1.14)
RR'NH*COO™ + H,0 <> RR'NCOO™ + H,0" (1.15)
RR'NHCOO™ + H,0 <> RR'NH + HCO; (1.16)

There are a number of studies investigating the facilitated transport of CO, and these studies
are oriented on the comprehension of the mechanism of transport and on the evaluation of the

technical feasibility of separation processes based on facilitated transport [105-120].
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The main target of materials characterization is the evaluation of the facilitation factor, which
is defined as the ratio between the total solute flux with facilitation to the solute flux without
facilitation. This factor depends on operative conditions like temperature and pressure and has
been demonstrated its dependence with membrane thickness [108,109].

Feasibility studies have been conducted about the application of facilitated transport
mechanism in natural gas sweetening and CO, capture from flue gases. The results have
shown that a membrane process using the facilitated transport membrane is feasible, even for
low CO; concentration (10%) in flue gas, compared to amine absorption in terms of energy
requirement and it is possible to achieve more than 90% CO; recovery and with a purity in the
permeate above 90% CO, [119].

Moreover it wihas been observed that by using the PVAM/PVA blend membrane and the 2-
stage recycled process, a CH,4 recovery of 99% at a low running cost could be obtained to
upgrade biogas to meet the natural gas network specification, which makes this green process
more competitive compared with other conventional technologies currently used. In addition,
due to the unique facilitated transport mechanism of this membrane, water vapour saturated in
biogas is an advantage rather than a problem to CO, permeation, the pre-treatment to remove
water vapor is not required [120].

The effect of heavier hydrocarbons and hydrogen sulfide has been studied considering the
applicability of facilitated transport membranes based on PVAmM/PVA blends in natural gas
sweetening [117]. It was observed that hydrogen sulfide reduces membrane performances
especially at low humidity, but it does not introduce a permanent damage in the material.
Many polymers have been functionalized and also Polyacrylonitrile [20,121].
Polyacrylonitrile (PAN) is an important polymer which has many desirable properties like

solvent resistance, abrasion resistance, thermal and mechanical stability, high tensile strength
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and posseses good insect resistance [121]. Active nitrile groups present in polyacrylonitrile

allow for the introduction of new functional groups by specific reactions [121].
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2. Experimental methods

In this chapter a brief description of apparatuses and experimental technique used for the

calculation of mass transport properties of gases in polymeric films are reported. In particular,

togheter with the description of procedure and equipments used, the mathematics of diffusion

process encountered in the different cases will be described.

2.1 Pure gas sorption

The sorption of pure gases has been studied in a self-made pressure decay apparatus, in which

the amount of sorbed gas is measured as decay of pressure of the gas phase in a known

volume. A sketch of the apparatus used in experiments is reported in Figure 2.1.
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Figure 2.1: Schematic representation of pure gas pressure decay equipment.
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The system, contained in a thermostatic air circulating chamber which allows constant
temperature with a precision of +0.01 °C, is characterized by two pre-chambers (SO1 and
S02), in which the gas is charged at the desired pressure, and a sample chamber (S01) where
the polymeric film is set.

In the pre-chamber, two high precision pressure transducers, P1-01 and PI-02 (Honeywell
Model STJE), with a declared accuracy +0.05% of manometer full-scale are connected.
During experiments in the range 0-15 bar the manometer with 15 bar full-scale is used, while
during experiments in the range 15-30 bar the second manometer with 30 bar full-scale is
considered, isolating the other one by means of valve V.

The membrane is set in the pre-chamber, after weighting with an analytical balance with a
repeatability of 15 pug (Mettler Toledo Semi Micro Balance Model MS 105). In order to
evacuate the apparatus and remove chemical species dissolved in the membrane, the apparatus
is connected with a vacuum pump for 1 day.

The test protocol requires to fill the pre-chamber up to a certain pressure with the desired gas
and to open the valve between the pre-chamber and sample chamber to start the experiment.
Due to gas expansion a step decrease of pressure can be observed, followed by the sorption of
penetrant in the film, which causes the pressure decay. Equilibrium or pseudo-equilibrium
conditions are proved by the observation of constant pressure with time.

A sufficient number of sorption steps are required to describe accurately the sorption isotherm
in the entire pressure range. By the closure of the valve, it is possible to repeat the sorption
procedure, increasing the pressure in the pre-chamber for the next differential sorption step.

During each step i, Peng Robinson EoS is implemented in an excel sheet to calculate initial

moles, n°, and final moles, nF, of the penetrant during the experiment, respectively in the

pre-chamber and in the total volume formed by pre-chamber, sample chamber and valve,
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which are connected to sorbed moles in the membrane, n®*, by the following material

balance:

sorbed sorbed F

n©% = nod 4 n (2.1)
The kinetic of the process can be described by means of a variable boundary condition
problem. In particular, as reported by Crank [122], if a plane sheet is suspended in a volume
of gas solution so large that the amount of solute taken up by the sheet is a negligible fraction
of the whole, and if the solution is well stirred, then the concentration in the solution remains
constant. On the contrary, as shown if Figure 2.2, if there is only a limited volume of solution,
the concentration of solute in the solution decreases as penetrant starts diffusing into the sheet,
and so concentration at membrane surfaces decreases too. If the solution is well stirred the
concentration in the solution depends only on time, and is determined essentially by the

condition that the total amount of solute in the solution and in the sheet remains constant as

diffusion proceeds.

i.eq

-1 / z

Figure 2.2: Representation of concentration profile with variable boundary condition.
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On a mathematical point of view the equation to be solved is the same are reported in the
system 2.2, which consist of second Fick Law with proper a initial condition and boundary
conditions which express that, at any time, the rate at which the penetrant enters the

membrane is the same at which it leaves the solution.

oc o%c
| — Di 2'
ot 0z
t=t, ¢ =¢p -l <z<+l (2.2)
ocC. 0
=+, E_':$Dii, t>1,
K ot z

Where | is the semithickness of the membrane sheet, a is volume of the solution per unit area
of the sheet and K is the partition coefficient of the species i between the solution and the
sheet.

The solution was given by Crank [122] by use of Laplace transform and can be written as the

ratio of mass sorbed at time t over the mass sorbed at equilibrium according to equation 2.3.
M, -M = D Dq’t
¥=1_2Mexp(_&j (2.3)

where M, and M, are the initial and final equilibrium mass uptake in the sorption step

respectively, « is the ratio between the volume of gas phase and that of the membrane,
corrected for the partition coefficient of gas between the gaseous phase and the polymeric

phase and g, variables are the positive, nonzero, solutions of the equation: tg(q,,) =—q, .

From the knowledge of kinetic unsteady sorption data it is possible to calculate the diffusion

coefficient during the sorption step as best fitting parameter, as reported in Figure 2.3:
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Figure 2.3: Generic Kinetic result of a pressure decay sorption experiment.

2.2 Water vapor sorption
Water vapor sorption experiments have been carried out in a quartz spring microbalance

(QSM). A sketch of the apparatus is reported in Figure 2.4. The system is characterized by a
quartz spring (Deerslayer, sensitivity of 1 mm/mg and maximum hold of 100 mg) housed inside a
water jacketed glass column for temperature control, which is connected by means of stainless
steel tubing and valves to a vacuum pump (Edwards, Model RV3) and to a water vapor reservoir
in which the pressure is measured with a pressure transducer (Edwards Barocell Full Scale 1000
mbar). The deionized water is stored in vapor liquid equilibrium at room temperature in the
appropriate reservoir, from which the vapor is withdrawn from the head space to fill the vapor

reservoir for the sorption step.
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Figure 2.4: Schematic representation of QSM apparatus.

Before starting the test the sample is evacuated for long time, usually 1 day, to ensure the
complete removal of penetrants within the polymeric film. Once the polymer can be considered
completely dry, the vapor reservoir is filled at the desired pressure, below vapor pressure to
prevent water condensation inside the tubes which in addition are wrapped with a heating tape.
After the vapor has reached thermal equilibrium at test temperature, confirmed by reservoir
pressure invariant with time, the experiment can start and the valve before the column is opened.
The sorption Kinetic is monitored through a CCD Camera (Smartimage Sensor Series 600
Model 630) 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 [123].

Water sorption uptake during time can be calculated according to Hooke law as follow:

MCEk€-x, IF, (2.4)

40



Experimental methods

Where K is the constant of the spring, X and X, are current and initial spring extension and F,

is the buoyancy contribution, which is quite negligible in the present study, due to low
pressure of water vapor.

The kinetic of the process can be described, imaging to put a flat polymeric sheet in an
environment containing a pure gas or vapor at constant temperature and constant pressure,

considering that at the interface fluid-membrane a constant value of concentration, ¢, ., will

eq?

be, at least in absence of relaxation phenomena of polymeric matrix with a kinetic comparable
to the diffusion process one.

Inside the sample the concentration will vary with respect to spatial and time variables, due to
penetrant diffusion, until equilibrium condition will be reached, with spatial and time
invariant value of concentration.

On a mathematical point of view the sorption process can be described by applying Fick law,
as constitutive equation for the diffusive flux, and solving the partial derivative equation,
obtained under reasonable assumption that the transport of the penetrant takes place through

the thickness | direction, with proper initial and boundary conditions:

ec, o,

—L =D, 2'

ot 0z

t=t,, ¢ =c¢, O0<z<l 2.5)
x=0, ¢ =¢, t>1

x=1, ¢ =¢C, t>t

The solution of the problem is reported as Fourier series as follow in equation 2.6 [122] and

the concentration variation along the thickness is schematically reported in Figure 2.5:

- ~ -D; en+127% ~
ﬁ =1+ iz el/exp 2 Sen(Mj (2.6)
Cieq — Cio o 2n+1 I
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i.eq

time

0 / z

Figure 2.5: Representation of concentration variation in flat sheet with fixed boundary conditions.

From equation 2.6 it is possible to obtain the ratio of sorbed mass at time t and the sorbed

mass at equilibrium as reported in equation 2.7:

M-M, & 8 e
———=1-) ————exp (2.7)
Moo_Mto n=0 Qﬂ+1/7l'

Where M, M, and M, are respectively sorbed mass at time t, time zero and at equilibrium.

2.3 Dry gas permeation
Dry gas permeation experiments have been carried out in a closed volume variable pressure

permeometer, kept in a thermostatic chamber to guarantee constant temperature, represented

in Figure 2.6.
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Figure 2.6: Schematic representation of pure gas permeation apparatus.

During the permeation experiments a flat sheet of membrane is put inside a permeation cell,
where an O-ring guarantee good sealing. In such a way the membrane in the cell divide the
apparatus in two sides: the upstream side and the downstream side. The downstream volume
is known and equal to 25 +1 cm® while the upstream side has a volume around 2 L and is
constituted of a reservoir filled with the tested gas. During the experiments a pressure
difference is kept constant across the two sides of the sample and the mass of the penetrant
permeated can be calculated measuring the pressure increase in the downstream volume with
a pressure transducer (Edwards Barocell Full Scale 100 mbar or 10000torr). Another
manometer is placed in the upstream side to know the pressure of the reservoir and be able to
calculate the pressure difference across the membrane, moreover due to high volume of this
side, the pressure can be considered practically constant during the entire experiment.
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The procedure requires to collocate the membrane in the permeation cell and to pull the
system under vacuum to evacuate all the species dissolved in the material approximately for 1
day. After this pre-treatment, the experiment can start by isolating the downstream volume
and opening the valve of the reservoir to connect it wih the upstream side of the membrane. In
such a way the gas starts to diffuse in the membrane, the flux will increase during time, until

steady state condition are reached and the permeability can be calculated from equation 2.8.

_dp| VY, I
i~ dt | RTA ()up down

—

(2.8)

During the permeation process the upstream and downstream sides of the membrane are at

constant but different values of penetrant concentration, respectively ¢, and c/c", and the

membrane is initially at uniform concentration ¢ ,. Mathematically it can be expressed as:
oc;, . o'

ot oz’
t=t,, ¢ =c¢, O<z<l

(2.9)

x=0, ¢ =ch t>t

x=1, ¢ =c2" t>t,

i i,eq
Applying variable separation, through Fourier series expansion, the concentration dependence

on time and space can be obtained as reported in equation 2.10 [122]:

i
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The flux exiting the downstream side of the flat sheet, at z=I, is given by J, =-D,— 3 :
/A

z=|
which integrated with respect to time t, gives the total amount of diffusing substance Q; which

has permeated through the membrane in time t. Moreover, in general, both initial and
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downstream concentration are zero, which means dry membrane at the beginning of the

experiment and negligible pressure in the permeate side. In this case it can be found [122]:

—Dinzﬁ'zt

© ™
Q _Dt 1 25-€1 .~ 2.12)

Ic® 1> 6 x4 n

Which, as t — «, approaches the line:

Dc®(, I?
Q = | (t 6Dij (2.12)

Equation 2.9 has an intercept in the time axis, as reported in fig, defined as time-lag, which

allows the calculation of diffusion coefficient during permeation:
|2

t, = ——
" 6D,
(2.13)

In Figure 2.7 a general experimental output is reported.

e

Figure 2.7: General experimental output during permeation experiments.

Permeated mass
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2.4 Humid gas permeation
Similarly to dry gas permeation experiments, also humid gas permeation experiments allow

the calculation of gas permeability by means of a barometric technique, which does not
require any analysis of permeate stream composition, but only a the measurement of the
downstream pressure. The apparatus for the determination of humid gas permeability has been
obtained by adapting a constant volume permeometer for pure gases permeation experiments,
by the addition of a humidifying section in the upstream side of the membrane, of a water
vapor reservoir for the initial conditioning of the membrane and of a vent flow to conduct

flow-through experiments. A sketch of the apparatus is reported in Figure 2.8.
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Figure 2.8: Schematic representation of humid gas permeation apparatus.

To characterize humid gas permeability, as usual, it is necessary to evacuate the sample for
long time before start experiments. After evacuation is considered completed, a conditioning
of the sample, which consist in equilibration with water vapor at the same activity considered

in the experiment, follows, by opening the valve of pure water reservoir in vapor-liquid
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equilibrium. While the membrane reaches equilibrium conditions V02, V03 and V04 are
closed to isolate the sample and the humid stream is created, by splitting the gas flow coming
from the cylinder in a dry stream and in a humid stream obtained by bubbling the gas in the
apposite bubbler, and vented to the atmosphere. In the apparatus the humidity is measured by
a humidity sensor (Vaisala HMT 330), the gas flow is adjusted by two flow meters
(Bronkhorst EI-Flow) and the pressure is controlled by a pressure controller (Bronkhorst El-
Flow). When the sample is equilibrated with water, the humid stream is directed to the
upstream side of the membrane and the permeation starts. The downstream pressure is
monitored by a capacitance manometer (MKS Baratron Full Scale 100 mbar) while the
upstream pressure is measured by a high pressure manometer (Druck Full Scale 60 bara). The
system is collocated in a thermostatic chamber which guarantees constant temperature and an
addition thermocouple is placed in the bubbler to accurately evaluate the water vapor
pressure.

In these experiments the activity of the water in the upstream and downstream side is
practically the same and the permeation, after an initial transient stage due to temperature
fluctuations and non-equality of water activity in the humid stream activity and in the
membrane, competes only to the incondensable gas. In particular the permeability at steady
state can be calculated from equation 2.8, as for pure gases case.

In Figure 2.9, an illustrative example is reported:
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Permeated mass

Figure 2.9: General experimental output during humid gas permeation.
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3. Materials

3.1 Copolyether imides
Two series of copoly(ether imides) have been studied in this work. The first set of materials is

made by 3,3°,4,4’-bypheniltetracarboxyilic dianhydride (BPDA), 4,4’-oxydianiline (ODA)
and bis(2-aminopropyl) poly (propylene oxide) (PPO) with nominal molecular weight of 4000
g/mol [12]. The second set of copolymers is made by 3°,4,4’- Benzophenonetetracarboxylic
(BKDA), 4-4’ oxydianiline (ODA) and o,w-Diamine poly(ethylene oxide) (PEO) with

nominal molecular weight of 6000 g/mol (BKDA-PEO6000-ODA) [13].

(a) (b)
NHQJ\/ O%J\ot\( NH2 HEN\/’\o’E\/ O}]/\ NH,
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Figure 3.1: Structure of (a) diamino-terminated PPO, (b) diamino-terminated PEO, (c) BPDA, (d) BKDA
and (e) ODA [12, 13].

Four samples of BPDA-PP0O4000-ODA copolymers have been studied, containing 28.24%,
43.34%, 59.17% and 67.38% of PPO in weight percentage and named respectively BPDA-
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PPO-ODA 1/1, 2/1, 4/1, 6/1 [12]. The samples BKDA-PEO6000-ODA 2/1 and 4/1 contain
respectively 44.20% and 60.40% in mass [13] of PEO. In Fig. 3.1 chemical structures of
PPO, PEO, BPDA, BKDA and ODA are reported. Polymers were synthetized by CSIC
research group, in collaboration with University of Valladolid, mixing polyether with
aromatic diamine in appropriate ratio in N,N’-dimethylacetamide (DMAC). Reaction mixture
thus obtained was cooled down to 0°C and dianhydride was added stirring overnight at room
temperature obtaining high viscosity solution, which was diluted in DMAC to the appropriate
viscosity for casting. For more details we refer to previous works. [12,13]

The density of the copolymers inspected varies with the composition: an analysis of the
density data can give information on the mixing volume between the two phases forming the
copolymer. Densities of PPO-based copolymers and corresponding homopolymers are
known from a previous work [12], while data relative to the PEO-based samples were
obtained in this work by measuring the samples weight and volume. For the corresponding
homopolymers density values, we refer to literature data [9,124-126].

As reported in Figure 3.2 and 3.3, interpolated data of specific volume of these samples

versus the mass percentage of rubbery phase, w;, and compared them with “ideal mixture”

volume calculated from the pure rubber and pure glass specific volumes, \7§ and V¢, as
follows:

v

eat = WeVg + (1L- w )\7(2 (3.1)
It can be seen in Figure 3.2 and 3.3 that for both types of copolymers, the volume is lower
than the ideal mixture value, so that it seems that a contraction occurs upon phase mixing.

The volume of considered materials can be interpolated with the following two equations:

=343-10" 0wl —3.45-10" 0}y +2.68-10 " 0y, +7.33-107" (PPO-based)  (3.2)

Vcopol

=8.36-10 7w}, +7.80-10 7wy, +7.28-10"  (PEO-based) (3.3)

Vcopol
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The negative value of the mixing volume can be due to a contraction of the glassy phase, of
the rubbery phase, or both of them. Usually, glassy polymers have excess free volume with
respect to their equilibrium value, which can vary depending on the preparation protocol and
history of the solid material. Moreover, it is known from the study of the properties of
semicrystalline polymers, that the density of the rubbery amorphous regions may be lower
than the equilibrium value when surrounded by crystalline domains, due to the compressive
stress applied by such structures [127]. Therefore, the appearance of a negative mixing
volume is not surprising. In the modeling section, when carrying out the modeling analysis

of CO; solubility data, this aspect will be investigate in more detail.

T T T T T T T T T T T
1.00 } specific volume of BPDA-PPO-ODA copolymers _
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>
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o
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Figure 3.2: Specific volume of BPDA-PPO-ODA copolymers as a function of PPO percentage.
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Figure 3.3: Specific volume of BKDA-PEO-ODA copolymers as a function of PEO percentage.

In Table 3.1 composition, density o and thickness | of all tested materials are reported:

Table 3.1: Properties of copolymer samples investigated in this work.

Rubber Amorphous rubber

Sample p  Thickness
content content
Wt% Wt% glem®  um
BPDA-PPO-ODA 1/1  28.24 28.24 1.267 161+19
BPDA-PPO-ODA 2/1 43.34 43.34 1.230 57+16
BPDA-PPO-ODA 4/1  59.17 59.17 1.187 14148
BPDA-PPO-ODA 6/1 67.38 67.38 1.159 154443
BKDA-PEO-ODA 2/1  44.20 43.80 1.281 1161
BKDA-PEO-ODA 4/1  60.40 59.90 1.244 10742
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3.2 PTMSP and Graphene based Mixed Matrix Membranes

3.2.1 Polymer
PTMSP was purchased by Gelest Inc. (Morrisville, PA, USA). It is a glassy polymer which

belongs to substituted polyacetylenes class. Due to the stiff main chain and bulky spherical
substituents, PTMSP is characterized by high fractional free volume, up to 34%. It is a
material suitable for gas separation due to its high gas and vapor permeability. It is a highly
hydrophobic polymer and is soluble in many organic solvents such as toluene, cyclohexane,

tetahydrofuran and chloroform.

3.2.2 Fillers
In this work fillers considered to form mixed matrix membranes are graphene and graphene

oxide nanoplatelets. Graphene based materials is recently raising attention for its possible use
in gas separation applications [93,128]. If free from defects, graphene is a perfect barrier to all
molecules [129]; however, the production of graphene with methods such as the chemical
vapor deposition (CVD) may introduce a defective microporosity, due to mechanical cleavage
or oxidation of the polycrystalline structure, which make it permeable to gases. In addition,
when the graphene structure is formed by multiple layers, permeable channels caused by
imperfect adhesion between the layers may form. All such defects are shown to be permeable,
and selective to some gases [130]; however, the highest permeability measured for a pure GO
layer of 1.8 nm was found in the case of He and is much lower than that of the PTMSP for the
same gas [87]. Indeed, several authors observed that the incorporation of GO to polymers
leads to a reduction in gas permeability, that is generally proportional to the amount and
aspect ratio of filler [88,131,132]. Such behavior indicates that the main effect of adding GO
to the polymer is the increase of tortuosity of the diffusive path of gas molecules, and that its

intrinsic permeability can be neglected. Based on such findings, and in view of the small
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amount of filler added in this work (<1 wt%), graphene and graphene oxide platelets will be
considered impermeable with respect to the polymer.

Graphene solutions were supplied by GNext in two different grades: 1) XT IND G, an
industrial grade graphene with a lateral dimension of 0.2 um and a thickness of 2-20 nm
(whose AFM image is reported in Fig 3.4), 20% w/w of undisclosed dispersing agent and no
oxygen species,[74,75] and 2) XT M60, a research grade graphene species with a lateral
dimension of 5 um and thickness of 2-8 nm (Fig. 3.4), 2 wt.% of undisclosed dispersing agent
and around 1% oxygen content on the graphene structure. Finally GO solution contains
nanoplatelets with a lateral sheet dimension of 2 um and thickness of 1.1 nm (Figure 3.4),
monolayer content higher than 95% and C/O ratio equal to 1. Additional details on the GO

and Graphene XT IND G are reported in the respective technical sheets [134,135].

(8x8 um) (10x10 pum)

Graphene XT IND G (IND Graphene XT M60 (M60). Graphene Oxide (GO).
G). Lateral dimension: 5000 nm. Lateral dimension: 2000 nm.
Lateral dimension: 200 nm. Thickness: 2-8 nm Thickness: 1.1 nm
Thickness: 2-20 nm Aspect ratio 625-2500 Aspect ratio 1800

Aspect ratio 10-100

Figure 3.4: AFM images for graphene fillers considered in this study.

3.2.3 Thick membranes preparation
PTMSP membrane, as well as mixed matrix membranes containing G and GO were obtained

through solution casting technique. The solvent chosen is chloroform (purity>99.5%, Sigma
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Aldrich), because it allows to optimize the compatibility between filler and polymer according
to the solubility parameters and graphene dispersibilities reported in literature [136]. The
polymer has been first dissolved in chloroform to obtain 1 wt.% polymer solution, and then
the filler has been added in a proper amount to reach a filler weight percentage of 1 wt% in
the final membrane. After several attempts, it was found that the following protocol allows to
avoid precipitation of graphene during evaporation:

i) sonication of the polymer-filler solvent solution for 2 h;

ii) evaporation of about half of the solvent from the bottled solution;

iii) casting of the solution on a covered Teflon Petri dish.

The second step allows to increase the viscosity of the solution and to avoid precipitation of
solid particles during the subsequent casting step. After the casting process in a clean hood,
the samples were placed in a vacuum oven at 30°C for 24 h to remove traces of solvent. In

Figure 3.5 it is reported a scheme of the preparation procedure:

Solvent: CHCI; Filler addition

=

Q Mixing Q Mixing

— ] =
Eag

PTMSP

Solution

é % é <::// casting
Slow evaporation %

Figure 3.5: Illustrative description of the preparation protocol of thick graphene based MMM by solution
casting technique.
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A SEM image of the PTMSP film, as well as of the corresponding M60-MMM is shown in
Figures 3.6: white circles indicate the possible location of graphene nanoplatelets. The
obtained films are shown in Figure 3.7 and they exhibit macroscopic homogeneity, in
particular no precipitation of platelets was observed during evaporation. The average
thickness of such samples ranged between 100 and 170 pum, and the maximum percentage

deviation observed for the average thickness value of each sample is equal to 10%.

20 pm EHT = 10.00 kV Signal A = VPSE 20 pm EHT =10.00 kv Signal A =VPSE
I WD = 9.0 mm Mag= 1.00 KX WD = 8.0 mm Mag= 1.00KX

Figure 3.6: SEM images of PTMSP (a) and M60-MMM (b).

PTMSP IND G-MMM M60-MMM GO-MMM
11542 pm 169+4 pm 132413 pm 12042 pm

Figure 3.7: Images of thick films of PTMSP (I); IND G-MMM (I1); M60-MMM (l11) and GO-MMM (1V).
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3.2.4 Thin membranes preparation
Considering that on a practical point of view 1 um or lower of selective dense skin is usually

employed in industrial application, thin films composite mixed matrix membranes have been
fabricated through spin coating technique. In particular 400 uL of solutions, prepared with the
same procedure as for thick membranes, have been deposed on porous Celgard® film
connected to the the rotor of the spin coating apparatus. Thanks to speed in the range of 2000
rpm, the solvent quickly evaporates giving a practically dry thin membrane. To remove any
trace of solvent thin membranes have been treated at 30°C under vacuum for 30 minutes.

In Figure 3.8 a scheme of preparation procedure is reported:

Solvent: CHCI; Filler addition

=

O Mixing O Mixing

7‘_/ ~_

PTMSP

Dense PTMSP
based layer
< 1- 10 pm on
20 pm of
Celgard®

Spin coating .
suppo

Figure 3.8: Illustrative description of the preparation protocol of thin graphene based MMM by spin
coating technique.

The thickness of the thin membranes have been measured with SEM microscopy, with the
help of Prof. Andrea Saccani (University of Bologna, Dept. DICAM), and it ranges between 1

and 10 um for the membranes tested. In Figure 3.9 the SEM image of a pure PTMSP
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composite membrane is reported, in which it can be observed the dense thin layer made in

PTMSP and the porous support in Celgard®.

Acc.V SpotMagn Det WD Exp p——— 10um
P50kV¥ 50 2500x SE 68 0

Figure 3.9: SEM image of thin PTMSP composite membrane.

3.3 Facilitated transport membranes based on Polyacrylonitrile

3.3.1 Powder functionalization
Polyacrylonitrile powder, purchased by Sigma Aldrich, has been functionalized by the

research group of Prof. Alessandra Lorenzetti (University of Padova, Dept. of Industrial
Engineering), following two different routes. In particular amine groups attachment to the
polymer backbone has been provided by reaction with amines, hexamethylene diamine or
ethylene diamine, purchased by Sigma Aldrich, or by PAN hydrolysis in aqueous NaOH 1 M

basic environment. In Figure 3.10 reaction schemes considered are reported.
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(@)

~ 4

Y \ n
| + (CHp)y ~— NH
=N N HNF
2 AY
Polyacrylonitrile (CH2)m
(PAN) Hng
Amine-terminated PAN
m=2
m=6é6
m=8
(b)
OH : ; OH : 5
~ g 2] p ~ o) _’ ~ o) +
CH, IC{*I W CH, I(H 0,0 CH, é(H NH;
NH, O

Figure 3.10: Reaction schemes for PAN functionalization with amines (a) and PAN funciotnalization via
hydrolysis in basic environment (b).

The reaction of functionalization with amines has been conducted in a three neck flask,
equipped with a reflux condenser, contained in a thermostatic oil bath. Amine-distilled water
solution and PAN have been loaded in the reaction environment with amine excess around 10
times the stoichiometric ratio, to avoid or minimize crosslinking reactions effects. During the
functionalization reaction polymer powder changes color from white to orange depending on
conversion reached. The reacted powder was washed with distilled water until neutral pH and
dried in an oven at 80°C.

Functionalized powders are insoluble in common solvents except Dimethyl sulfoxide, DMSO,
and dimethylformamide, DMF.

The second route to functionalize PAN consists in hydrolysis of nitril groups through reaction

with 1 M NaOH solution. In such a way, amine groups are formed directly on the polymer,
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avoiding formation of lateral chains, which facilitate crosslinking. As first, the procedure
requires to dissolve in a three neck flask balanced amounts of NaOH pellets in distilled water
at 50°C. After complete dissolution, the temperature is increased up to 80°C and PAN is
added in the flask, observing a very fast color transition from white to orange in few minutes,

indicating a fast reaction Kinetic.

3.3.2 Membrane preparation
Powder have been dissolved in DMF by the aforementioned group, obtaining a solution at

5wt% Which has been electrospun, obtaining nanostructured electrospun porous membrane
which have been compacted by hydraulic press obtaining compacted dense membrane to be
used in gas separation systems. Figure 3.11 shows a schematic representation of the apparatus

used for electrospinning.

synnge wath polymer jet 33 b
polymer solution N = 5
\ 1 - ; -

—{ *
Q_Q Q »L{ .

2o

syrnge S e She
needle 2

target
syringe pump electrode screen

high voltage
power supply

Figure 3.11: Schematic representation of electrospinning apparatus used to produce nanoporous
membranes.
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4. Experimental results

In this chapter experimental results obtained for materials considered in this study will be
presented. In the first section it will be reported the effect of temperature and copolymers
composition on CO, solubility, diffusivity and permeability in two series of
copolyetherimides, togheter with the effect of water vapor during humid permeation. With
mixed matrix membranes based on PTMSP it will be observed the ageing of the polymeric
material and the effect that nanoplatelets have on its relaxation process and transport
properties in thick and thin samples. Finally it will be shown the characterization of
functionalized materials based on PAN to verify the effect of amine groups on solubility and
permeability of CO,. In particular FT-IR, SEM, TGA and permeation analysis have been
carried out at University of Padova while CO, sorption experiments have been carried out at

DICAM laboratories.

4.1 BPDA-PPO-ODA and BKDA-PEO-ODA copolyetherimides
The solubility of CO, in two series of copolyetherimides has been measured through the

pressure decay technique at 30, 45 and 60°C and different pressures up to 30 bar. The value
of concentration is mainly affected by uncertainties in pre-chamber and sample chamber
volumes which have a relative deviation of 1% from average values. The value of diffusion
coefficient is assumed to be affected by uncertainties on samples thickness, which have been
measured with a digital micrometer. To take into account the effect of these uncertainties,

error bars are calculated from propagation of errors.
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The solubility of water in copolymers is measured with a sub-atmospheric quartz spring
microbalance at 30°C. The measurement of equilibrium mass uptake is reliable to within 1%,
due to the potential of the software used for image reconstruction. So it can be concluded
that for QSM technique the most significant error is represented by dry polymer mass
measurement.

Humid gases permeability has been measured with humid permeometer in which
experimental uncertainty connected to volume calibration is lower than 2% and thus it has

been assumed that the error is predominantly due to thickness measurement.

4.1.1 Solubility and diffusivity of CO, in BPDA-PP0O4000-ODA copolymers
CO; sorption experiments have been carried out up to 30 bar at 30, 45 and 60°C in BPDA-

PPO 4000-ODA copoly(ether-imide)s and solubility and diffusivity have evaluated at
various pressures.

The solubility data in each copolymer are reported in Figures 4.1-4.4 at different
temperatures. First of all one can notice that these materials show quite high CO; solubility,
up to 40 cm*(STP)/cm? at 20 bar, which is similar to the value found for commercial rubbery
PDMS that is equal to 28 cm*(STP)/cm? at the same pressure [137]. The solubility, as usual,
decreases with increasing temperature and the data can be used to calculate sorption
enthalpies, which will be shown in a subsequent section. Interestingly, by increasing the
proportion of the rubbery phase in the copolymer, the shape of the solubility isotherm
changes. In particular, solubility isotherms are convex to pressure axis if the rubbery phase
content is higher than 43 wt.% (Fig. 4.3, 4.4). If rubbery phase percentage is lower than 30
wt.% the isotherm is concave to pressure axis (Fig. 4.1). This behavior is consistent with the
fact that in glassy polymers the slope of the solubility coefficient of a gas normally decreases
with increasing pressure, while in rubbery polymers the solubility coefficient may be
constant with pressure or increase with it, depending on the swelling ability of the penetrant.
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Figure 4.1: The effect of temperature on CO, solubility isotherms in BPDA-PPO4000-ODA 1/1. Solid lines
are data interpolations.
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Figure 4.2: The effect of temperature on CO; solubility isotherms in BPDA-PPO4000-ODA 2/1. Solid lines
are data interpolations.
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Figure 4.3: The effect of temperature on CO, solubility isotherms in BPDA-PPO4000-ODA 4/1. Solid lines
are data interpolations.
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Figure 4.4: The effect of temperature on CO; solubility isotherms in BPDA-PPO4000-ODA 6/1. Solid lines
are data interpolations.
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The diffusivity values, calculated from sorption Kinetics data, are reported in Figures 4.5-4.8

for the various copolymers at different temperatures. The extent of CO, diffusivity variation

with temperature is lower for materials with higher amount of rubbery PPO, as it will be

discussed more in detail in the following. More evidently, the diffusivity observes a step

increase of 2 orders of magnitude for a weight percentage of PPO in the sample higher than

44% wiw, going from values between 10® and 107 cm?/s to values around 10 cm?s. Such a

remarkable increase indicates a strong variation of the copolymer nature with increasing

amount of PPO, with a dramatic increase of polymer flexibility above a certain threshold that

reflects on the average gas diffusivity. The solubility behavior, on the other hand, seems less

affected by the copolymer formulation, as is discussed above.
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Figure 4.5: The effect of temperature on CO, diffusivity in BPDA-PPO4000-ODA 1/1 sample. Solid lines

are data interpolations.
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Figure 4.6: The effect of temperature on CO, diffusivity in BPDA-PPO4000-ODA 2/1 samples. Solid lines
are data interpolations.
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Figure 4.8: The effect of temperature on CO, diffusivity in BPDA-PPO4000-ODA 6/1 samples. Solid lines
are data interpolations.

The influence of copolymer composition on permeability was studied in a previous work
[12], and showed an enhancement of permeability with increasing PPO content in the
membranes. In this work, we have the possibility of analyzing the effect that the copolymer
composition has, separately, on diffusivity and solubility contribution.

Solubility of CO, is a very weak function of the copolymer composition in the entire range
of temperature investigated, as can be seen from Figures 4.9-4.11. We can say that the ratio
between two different phases in the material influences more the shape of the solubility

isotherm than the actual value of solubilities.
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Figure 4.9: The effect of copolymer composition on CO; solubility isotherms in BPDA-PPO4000-ODA
copolymers at 30°C.
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Figure 4.10: The effect of copolymer composition on CO; solubility isotherms in BPDA-PPO4000-ODA
copolymers at 45°C.
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Figure 4.11: The effect of copolymer composition on CO, solubility isotherms in BPDA-PPO4000-ODA

copolymers at 60°C.

On the other hand, it is evident from Figures 4.12—-4.14 that increasing PPO percentage in the

material has a strong effect on CO, diffusivity. Diffusivity value for the copolymer 1/1 is one

order of magnitude higher with respect to the value (3.5:10° cm?/s) of the pure polyimide

[125], showing the marked effect of the rubbery phase content on average diffusivity rather

than solubility. Moreover, we observe a dramatic increase of diffusivity above a certain PPO

content, indicating a sharp transition from a glassy-like behavior to a rubbery-like behavior,

that is also testified by changes of the shape of the solubility isotherm. Such a transition is

located between a PPO weight fraction of 43% and 59%.
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Figure 4.12: The effect of copolymers composition on CO, diffusivity in BPDA-PPO4000-ODA copolymers
at 30°C. Solid lines are data interpolations.
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Figure 4.13: The effect of copolymers composition on CO, diffusivity in BPDA-PPO4000-ODA copolymers
at 45°C. Solid lines are data interpolations.
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Figure 4.14: The effect of copolymers composition on CO, diffusivity in BPDA-PPO4000-ODA copolymers

4.1.2 Solubility and diffusivity of CO, in BKDA-PEO6000-ODA copolymers

at 60°C. Solid lines are data interpolations.

As for the previous series of materials, also for this series we carried out sorption

experiments in the temperature range 30-60 °C up to 30 bar to observe effects of operative

conditions and copolymer compositions on solubility and diffusivity of CO,. The solubility

in these copolymers is lower than that observed in the copolymers based on PPO.

For BKDA-PEO-ODA 2/1 solubility decreases significantly going from 30°C to 45°C, after

that, a slight variation can be observed increasing the temperature up to 60°C. On the

contrary for BKDA-PEO-ODA 4/1 a gradual decrease of solubility with temperature can be

observed in Figures 4.15-4.16. Diffusivity increases significantly with temperature in these

membranes, as reported in Fig. 4.17 and 4.18, in particular by increasing temperature from

30°C to 60°C, D increases of one order of magnitude from 3:10® cm?/s up to 5:10” cm?/s in

2/1 sample, while in 4/1 sample it varies by almost 2 orders of magnitude, from 3-10® cm?/s
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up to 10° cm?/s The diffusivity value increases with CO, concentration due to a penetrant
induced swelling, which has been calculated through LF EoS and will be shown in a

subsequent section.
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Figure 4.15: The effect of temperature on CO, solubility in BKDA-PEO6000-ODA 2/1. Solid lines are data
interpolations.
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Figure 4.16: The effect of temperature on CO; solubility in BKDA-PEO6000-ODA 4/1. Solid lines are data
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Figure 4.17: The effect of temperature on CO, diffusivity in BKDA-PEO6000-ODA 2/1. Solid lines are
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Figure 4.18: The effect of temperature on CO, diffusivity in BKDA-PEO6000-ODA 4/1. Solid lines are
data interpolations.

Considering the variation of CO; solubility with membrane composition, higher effect of the
rubbery PEO-phase than that observed for PPO-based copolymers is apparent from Fig.
4.19-4.21. By increasing PEO amount from 44.20 wt% to 60.40 wt% in the membrane, the
solubility of CO, increases by 20% at 30°C, while at 45°C and 60°C solubility doubles.
Moreover, the solubility isotherms of these copolymers are never concave to pressure axis,
but are linear, or have positive concavity, indicating a strong effect of the PEO-based
rubbery phase over the glassy one, due also to higher proportions of rubbery phase used in

these copolymers.
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Figure 4.19: The effect of copolymer composition on CO; solubility in BKDA-PEO-ODA copolymers at
30°C. Solid lines are data interpolations.
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Figure 4.20: The effect of copolymer composition on CO; solubility in BKDA-PEO-ODA copolymers at
45°C. Solid lines are data interpolations.
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Figure 4.21: The effect of copolymer composition on CO; solubility in BKDA-PEO-ODA copolymers at
60°C. Solid lines are data interpolations.

The CO, diffusivity, reported in Figure 4.22, Figure 4.23 and Figure 4.24, increases by
increasing PEO content in the membrane, although not as much as in PPO-based
copolymers. In particular, all the PEO-based samples inspected have a mass fraction of PEO
higher than 44 wt%, which is close to the threshold above which the PPO-based copolymers

show a marked diffusivity increase.

76



Experimental results

1*10° ¢ - . . . . ,
F diffusivity of CO in
I BKDA—PEO—ODA_cor_)onmers at 30°C
w
“c s| © BKDA-PEO-ODA 2/1
& 110 o BKDA-PEO-ODA 4/1 ;
b B 4
>
9]
>
= 1%107} ]
a) :
- :
@)
@)

1*10-8 L | L | L | L
0 10 20 30 40

CO, Average concentration (cm’(STP)/cm’®)

Figure 4.22: The effect of copolymers composition on CO, diffusivity in BKDA-PEO6000-ODA
copolymers at 30°C. Solid lines are data interpolations.
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Figure 4.23: The effect of copolymers composition on CO, diffusivity in BKDA-PEO6000-ODA
copolymers at 45°C. Solid lines are data interpolations.
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Figure 4.24: The effect of copolymers composition on CO, diffusivity in BKDA-PEO6000-ODA

Therefore in this case, the observed increase of permeability with increasing PEO content

in the membrane reported in previous works is due to a simultaneous increase of solubility

. 3 3
CO, Average concentration (cm*(STP)/cm’)

copolymers at 60°C. Solid lines are data interpolations.

and diffusivity induced by the rubbery part of copolymer [13].

4.1.3 Sorption enthalpies and activation energies

The experimental data indicate that gas solubility decreases with increasing temperature in
both series of copolymers, consistently with exothermic sorption. The composition of
copolymers, however,
the dependence of solubility on temperature, as it can be seen in Figure 4.25 and Figure 4.26.
For these materials sorption enthalpies increase in absolute value by increasing glassy phase
content in the material, which is consistent with the higher values of sorption enthalpies
normally observed in glassy phases. The values obtained are also in line with the value of -

27 kJ/mol reported by Okamoto et al. [138] for pure BPDA-ODA, as well as with the value
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of -16.1 kJ/mol for pure PPO calculated from the data presented in ref. [139] and with
AH¢ =-15 kJ/mol for PEO, based on the data of ref. [140]. The sorption enthalpy is the

sum of condensation and mixing effects: in the charts we have provided, as an indication, the
condensation enthalpy of CO,, so that the distance from this horizontal line quantifies the
heat of mixing. The absolute values of sorption enthalpy decreases with increasing amount
of rubbery phase on both set of copolyimides, falling approximately between the extreme
values given by the sorption enthalpies of CO; in the two pure homopolymers. Rubbery
polymers are usually characterized by lower absolute values of gas sorption enthalpy with
respect to glassy polymers, due to the presence of the additional free volume in the glassy
state, which does not require the deformation energy to accommodate sorbed molecules.
However, CO, sorption in rubbery polyethers is somehow peculiar because CO; interacts
favorably with the polymer chain, giving rise to negative mixing enthalpies, that sum with
the condensation enthalpy of CO, [141] and produce sorption enthalpy values which are

generally higher, in absolute values, than those of non polar rubbers.
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Figure 4.25: The effect of copolymer composition on sorption enthalpies in BPDA-PPO-ODA copolymers.
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Figure 4.26: The effect of copolymer composition on sorption enthalpies in BKDA-PEO-ODA copolymers.

For PPO copolymers diffusivities follow Arrhenius type behavior in the entire range of
temperature 30-60°C; on the contrary for PEO copolymers a sort of transition seems to occur
between 35 and 45°C, which is consistent with data of permeability versus temperature
reported in ref [13].

Activation energies for diffusion process in both series of copolymers are reported in Figure
4.27.

The value of Ep measured in PEO copolymers, is at least double than the corresponding
values measured in PPO copolymers at fixed CO, concentration. This difference may be
related to the different glass transition temperature of the polyethers (203 K for PPO [12] and
250 K for PEO [142]): according to van Krevelen [143] the value of Ep for rubbery polymers
increases with their Ty, while glassy polymers show the opposite behavior. For PPO
copolymers, Ep decreases with increasing rubbery phase content, consistently with the fact

that the rubbery phase is more flexible and mobile than the glassy one. On the other hand, in
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PEO-based copolymers the behavior with composition is reversed: however it must be said
that in such case the error can be rather high, and that the crystalline content of the
copolymer may increase with the amount of PEO, giving rise to higher energetic barrier for
diffusion. For crosslinked PEO a value equal to 52 kJ/mol has been reported,[144] while no

value for pure PPO or BKDA-ODA is available.

°"o————7——7————
O
80+ O ]
BKDA-PEO-ODA copolymers
= 60 I PEO -
o L |
£ . ° |
) - BPDA-ODA
2 40t !
i " =
[ BPDA-PPO-ODA copolymers
O 1 L 1 L 1 L 1 L 1 L 1
0 20 40 60 80 100

PPO wt%

Figure 4.27: Activation energy for diffusion in BPDA-PPO-ODA and BKDA-PEO-ODA copolymers.

4.1.4 Permeability calculation
As usual the permeability of gases and vapors can be calculated from diffusivity and

solubility data collected during sorption steps. The permeability of CO, in both series of
copolymers has been calculated by the solution-diffusion model, with equation 1.3.

To this aim the permeability associated to a differential step in transmembrane pressure has
been calculated; that enables to use the local diffusivity value at the local concentration
prevailing in the film, and requires, on the other hand, the use of the local solubility

coefficient, Aci/Api, as one immediately recognizes from the definition of permeability.
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Considering subsequent sorption steps k and k+1, the permeability has been calculated with

equation 4.1:

Cik+l _ Cik

, —pik+l o (4.1)
In particular data are reported at constant temperature, as a function of copolymer
composition, and as well as the case of diffusivity data, it can be observed a sharp transition
from glassy like to rubbery like transport characteristics. For copolymers of BPDA-PPO-
ODA the permeability increases with polyether content from 5 Barrer in the sample 1/1 up to
1700 Barrer in the sample 6/1 at 30°C and any plasticization seems to occur at high CO;
pressure up to 30 bar. In particular the permeability trend at all temperatures, reproduces the
trend observed for diffusivity, and the increase of diffusion coefficient, due to the increasing
amount of rubbery phase, leads to the enhancement of copolymers permeability, as it can be
seen in Figures 4.28-4.30.

Also in the case of BKDA-PEO-ODA copolymers the permability increases with polyether
content as it is reported in Figures 4.31-4.33. In this case as explained in previous section
both solubility and diffusivity seem to affect the enhancement of CO, permeability with PEO
content. In particular lower permeabilities can be observed than in the case of PPO
copolymers at high rubbery phase content, maybe because of PEO crystalline fraction which

can hinder the permeation through the membrane and lower free volume of PEO copolymers

as it will be observed in the modeling section.
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Figure 4.28: The effect of copolymer composition on CO, permeability in BPDA-PPO4000-ODA
copolymers at 30°C.
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Figure 4.29: The effect of copolymer composition on CO; permeability in BPDA-PPO4000-ODA
copolymers at 45°C.
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Figure 4.30: The effect of copolymer composition on CO, permeability in BPDA-PPO4000-ODA
copolymers at 60°C.
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Figure 4.31: The effect of copolymer composition on CO, permeability in BKDA-PEO6000-ODA
copolymers at 30°C.
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Figure 4.32: The effect of copolymer composition on CO, permeability in BKDA-PEO6000-ODA
copolymers at 45°C.
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Figure 4.33: The effect of copolymer composition on CO; permeability in BKDA-PEO6000-ODA
copolymers at 60°C.

85



Experimental results

4.1.5 Effect of water vapor
The solubility of water vapor has been studied for two samples, BPDA-PPO-ODA 2/1 and

BKDA-PEO-ODA 4/1, for which solubility isotherms are reported at 30°C in Figure 4.34.
These two materials contain 43.34 wt% and 60.40 wt% of polyether phase concentration
respectively [12,13], and from water solubility data it is possible to observe how PEO based
copolymer is more hydrophilic than PPO based one. In particular this behavior should not be
addressed to polyether phase, due to similarity of their water vapor sorption isotherms at
30°C. The higher hydrophilicity of BKDA-PEO-ODA sample should be addressed to higher
water uptake capacity in the glassy phase. From Figure 4.35 it is evident that PEO and PPO
have practically the same sorption isotherm, ref. [145], while high differences can be
observed for the two polyimides, and in particular BKDA-ODA shows solubility which is
three fold the solubility of BPDA-ODA at high water activity [146,147]. This aspect was
explained by Han et al. [148] considering that BKDA dyanidride shows higher affinity to
water than BPDA, due to additional carbonyl group present in the backbone. In addition
solubility isotherms of copolymers are slightly higher than pure polyimides, confirming the

idea that both phases contribute to the total penetrant uptake.

86



Experimental results

80 T T T T T T T T T T T
L solubility of H O in BPDA-PPO-ODA 2/1 ]
& 70} and BKDA-PEO-ODA 4/1 .
e o BPDA-PPO-ODA 2/1
2 B0} © BKDA-PEO-ODA4/1 ?‘ -
o I
|_
50+ .
Lo : ;
S 40 i .
£ 30} = . -
g s
=) 20_‘ o Oy |
@)
~ 10+ B8 -
I I Elg =
O ™ L 1 L 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0
H,O Activity

Figure 4.34: Solubility of water vapor in BPDA-PPO-ODA 2/1 and BKDA-PEO-ODA 4/1 copolymers at
30°C.
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Figure 4.35: Comparison of water solubility in copolymers and pure homopolymers at 30°C. Data for

pure PPO, PEO are from ref.[145], BPDA-ODA [146] and BKDA-ODA [147].
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The effect of water vapor has been monitored also with humid permeation experiments with
CO; and N, for BPDA-PPO-ODA 2/1 sample at 30°C and 1 bar upstream pressure, up to 75%
relative humidity. In dry condition it can be said that, due to higher condensability and lower
kinetic diameter than N, CO, has higher permeability, 30.1 Barrer, than N, whose
permeability is 1.3 Barrer. As expected and already reported [12], the material is CO;
selective and its ideal selectivity is equal to 23. The presence of water causes a decrease of the
permeability with respect to pure gases values, and it can be due to competitive sorption. In
particular water, which is more soluble due to higher condensability than N, and CO,,
competes for sorption sites in the polymeric matrix, leading to a reduction gases permeability.
Anyway from results reported in Figures 4.36 and 4.37 it is evident that the polyether phase
present in the copolymer reduces the negative effect of water on permeability, usually
observed for glassy polyimides [70,71]. In particular the permeability decrease with respect to
dry gases values is around 12% and 17% for N, and CO,, respectively, at 70% relative
humidity and it is a limited reduction compared with 50% reduction of dry gas permeability
obtained in Matrimid films.

Finally the data of permeability of dry CO, obtained from permeation experiments matches
with the one calculated at approximately 3 bar from the solution diffusion theory (28 Barrer),
reported in Fig. 4.28. This result should confirm the validity of solution-diffusion mechanism

in such kind of polymeric membranes.
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Figure 4.36: The effect of relative humidity on CO, permeability at 30°C and 1 bar upstream pressure in
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Figure 4.37: The effect of relative humidity on N, permeability at 30°C and 1 bar upstream pressure in

BPDA-PPO4000-ODA 2/1 copolymer.
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The permeability decrease of the gases considered is similar, as shown in Figure 4.38, where
the ratio of the humid gas permeability and dry gas permeability is reported as a function of
relative humidity. Interestingly the same behavior is observed for N, and CO,, which is a

plasticizer penetrant for polyimides and is more soluble in water than N..
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Figure 4.38: The effect of relative humidity on BDPDA-PPO4000-ODA 2/1 permeability: comparison
between CO, and N, relative permeability variation.

Finally, the Robeson plot is reported for the couple of gases considered. Consistently with
what observed in the previous graph, the humid gas ideal selectivity is almost constant in the
range of water activity inspected while permeability of CO, decreases, moving to the left of

the Robeson bound.
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Figure 4.39: BPDA-PPO4000-ODA 2/1 in dry and humid conditions and Robeson Plot for CO,/N.,.
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4.2 PTMSP /Graphenic filler based Mixed Matrix Membranes
The gases permeabilities of the membranes were tested at 30°C with a closed volume,

variable pressure permeometer, applying an upstream pressure of about 1.3 bar and vacuum
on the downstream side. The permeability tests have been carried out following a
chronological order that reasonably allows to avoid conditioning effects on the membranes,
starting with the gas that induces lower swelling and proceeding as follows : 1) He, 2) Ny, 3)
CH,, 4) COs.

The value of permeance (permeability/thickness) calculated with the apparatus used in this
work is affected by an error of +5%, that is mainly due to uncertainty on the downstream
volume and permeation area values, while the error on pressure is negligible. The
permeability value is also affected by the uncertainty on the membrane thickness, which
depends on the sample considered, as reported in Figure 1. The error on ideal selectivity of a
single sample is negligible, because such value is unaffected by downstream volume,
permeation area and membrane thickness values as is clear from Eg. (4). The error on the

other calculated values was estimated using the laws of error propagation.

4.2.1 Characterization of thick PTMSP membrane
It is well known that preparation protocol affects history of glassy polymers and thus their

excess free volume and transport properties. It is well known that the rate of solvent
evaporation during film casting is an important parameter which is not easy to control.

In this work four thick film membranes of pure PTMSP have been casted and characterized
with pure gases permeation experiments of He, N,, CH; and CO,. This is to verify the
repeatability and reliability of pure PTSMP data, which is an important parameter to observe
the effect of fillers on ageing and transport properties. In particular films with thickness
ranging from 56 up to 183 um have been obtained. They can be reasonably considered as
bulky materials and thus their properties, as permeability and ageing rate, should not depend
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on the value of the thickness. In particular the value of initial permeability can be affected by
evaporation rate of the solvent during film casting, leading to slight differences on free
volume and on permeability values. The permeability of the four gases has been measured
repeatedly for 3 days for the sample with 66 um thick, for 5 days for the sample 56 um thick,
for 7 days for the sample 183 um thick and for 9 months for the sample 115 pum thick. In table
data of average solvent evaporation rate are reported for each PTMSP sample considered.
Results of permeabilities of fresh PTMSP samples are reported in Figures 4.40-4.43 and it
can be observed that a trend can be established between initial permeability value and solvent
evaporation rate. In particular for all the gases considered the permeability of PTMSP
increases monotonously with the rate of evaporation, and it is reasonable because increasing
the velocity, the material will be characterized by higher number of voids characterized by

bigger dimension with respect to the case of slow evaporation.
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Figure 4.40: The effect of solvent evaporation rate on He fresh PTMSP permeability at 30°C.
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Figure 4.42: The effect of solvent evaporation rate on CH, fresh PTMSP permeability at 30°C.
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Figure 4.43: The effect of solvent evaporation rate on CO, fresh PTMSP permeability at 30°C.

For all the membranes inspected it has been observed that P, >P,, >P, >P, , ie. that,

with the exception of Helium, the permeability increases systematically with the gas critical
temperature. Such behavior indicates that the gas permeability in PTMSP-based membranes is
strongly affected by the solubility value. In Figure 4.44 the gas permeability data of the
sample with 115 pum of thickness versus the penetrant critical temperature T, that is a
measure of penetrant condensability. The trend is not followed by Helium because such gas is
much smaller than the other ones and compensates its low condensability with an extremely

high diffusivity value.
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Figure 4.44: Correlation of PTMSP permeability with penetrant critical temperature for the sample with
115pum thickness.

The reproducibility of the results obtained is testified by ageing data. In particular it can be
observed from Figures 4.45-4.48 that all the four PTMSP film shows similar behavior during
ageing for the gases considered, and it testify that small variation of initial permeability does
not change the ageing behavior of thick PTMSP membranes, whose relaxation time is higher

than the observation one.
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Considering the ageing response for the different gases tested, it can be observed that PTMSP
shows different behavior with different gases. This aspect is interesting and is in line with
results reported by Consolati et al. [149] who experimentally monitored ageing in PTMSP
through PALS analysis in 100 um thick membranes films. They observed that PTMSP is
characterized by a bimodal distribution of free volume and that the mean radius of small holes
is 0.45 nm and the mean radius of large holes population is 0.75 nm. After 60 days of physical
ageing they observed that the size of the small volume population is subject to a slight
reduction of the number of voids and a big variation, around 19% (from 0.45 nm to 0.37 nm)
of mean radius of the holes, on the other hand number of holes of the large volume population
decreases of 20% while its size remain practically constant. In light of this, data of fig. can be
explained. The CO, permeability decrease in PTMSP after 9 months is equal to -29% while
N2, He and CH,4 permeability decrease is about -34%, -37% and -44% respectively. The
permeability of CO, is more affected by solubility than diffusivity, and consequently less
influenced by free volume reductions due to ageing. He and N, with kinetic diameter of 2.6
and 3.4 A respectively, have sizes which are lower than the aged mean radius of small holes
reported by Consolati et al. [149], and show similar physical ageing. Finally, CH, is the
bigger penetrant considered and more affected by free volume variation. For the sake of
clarity and because it has been deeply investigated during time, only data obtained for the
sample with thickness of 115 um are reported but similar behavior can be observed for all the

samples.

4.1.2 The effect of fillers on Permeability and selectivity of fresh PTMSP
Mixed matrix membranes based on PTMSP and graphene fillers have been obtained

practically with the same evaporation rate of the sample with 115 um. The average solvent

evaporation rate for these membranes is 20 mL/d and their results have to be compared with a
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membrane characterized by the same drying velocity, to see the effect of fillers on
permeability and selectivity.

In Figure 4.49 it is reported the effect that the fillers addition has on the fresh membrane
permeability. In particular, it can be observed that the addition of GO enhances the
permeability of PTMSP to all gases, even if the variation induced is within the confidence
interval of the measured PTMSP permeability. On the other hand, the addition of graphene
fillers lowers the gas permeability of PTMSP: while the variations induced by the graphene
with higher aspect ratio (M60) lie within the confidence interval of the measured values, the
reduction measured when platelets with lower aspect ratio (IND G) are added is more
significant. The addition of impermeable fillers to glassy polymers in solution can affect the
gas permeability in two ways: i) it increases the tortuosity of the diffusive path of gas
molecules inside the membrane, thus lowering the permeability by a factor that is usually gas-
independent; ii) it affects the distribution of polymeric chains, modifying the free volume. The
latter effect can cause negative or positive variations of permeability, and the extent of
permeability variation can depend on the gas nature, especially for those polymers which
show a bimodal distribution of free volume sizes like PTMSP.

In particular the addition of GO leads to an increase of permeability ranging from 6 %, for He,
to 7%, for CO,, and to 10% for N, and CHy is obtained when adding GO to PTMSP.

The addition of M60 graphene to PTMSP, which has a different chemical structure with
respect to GO, but a comparable aspect ratio and higher thickness, results in a decrease of
permeability, ranging from -5%, for CH,, to -10%, for N, and to -14% for CO, and -20% for
He. According to those values, the addition of M60 lowers more significantly the
permeability of smaller penetrants like He. Usually, such a size-dependent variation of
permeability can be attributed to the fact that PTMSP has a bimodal distribution of voids,

which can be affected in different ways by the addition of fillers. If such results are
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confirmed, the effect on selectivity is extremely promising because M60 allow to enhance the
selectivity of PTMSP for the couple CO2/He, CH4/N, and CHa4/He.

The addition of graphene nanoplatelets with low aspect ratio, (IND G), lowers appreciably,
around 24/30%, the permeability of PTMSP to all gases, and the effect seems to be
independent on the gas size.
It is interesting to point out that the, if we compare the results obtained by adding two types of
graphene fillers with different aspect ratios (M60 and IND G) to PTMSP, we notice that the
highest permeability reduction is induced by the filler with the lower aspect ratio (IND G):
this is somehow unexpected because the tortuosity should increase with aspect ratio of
particles. Such behavior may indicate that the most significant effect of graphene fillers
addition, in a high free volume glassy polymer like PTMSP, is the modification of polymer

chain distribution and free volume rather than the increase of tortuosity.
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Figure 4.49: The effect of fillers on fresh PTMSP permeability.
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Also in composite membranes the permeability of gases inspected is well correlated to
penetrant critical temperature. This aspect testifies that MMM based and graphene fillers

maintain the same solubility selective behavior of the polymeric matrix. Results are reported

in Figure 4.50.
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Figure 4.50: The correlation of PTMSP and graphene based MMM permeability with penetrant critical
temperature at 30°C.

The ideal selectivity of the membranes, after 2d from casting, is reported in Figure 4.51: for
almost all gas mixtures, the filler addition enhances the selectivity of pure PTMSP. It is a
small effect due to small amount of filler in the membrane. In particular, the M60-MMM has
the highest selectivity for the CO,/He, CH4/N,, CH4/He gas couples, while IND G-MMM is

the most selective membrane for CO,/N, and CO,/CH,4 mixtures. Such results are interesting
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because indicate that the CO,-selective nature of PTMSP can be enhanced by the addition of

graphene-based fillers.
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Figure 4.51: Ideal selectivity of fresh PTMSP and Mixed matrix membranes.

4.2.3 CO; solubility and diffusivity in fresh samples of PTMSP and M60-MMM at different
pressures

In order to analyze in more detail the effect that the filler has on the different contributions to
permeability, and to study the effect of pressure, which can be an important parameter in the
case of CO, transport, especially in glassy polymers, the solubility and diffusivity of CO, and
CH, in PTMSP and the M60-MMM have been analyzed, at 35°C and up to 30 bar. It is
possible to observe from Figures 4.52 and 4.53 that CO, and CH, solubility isotherms in
PTMSP are almost unaffected by addition of M60: this behavior can be attributed to the
relatively small amount of filler added, and to the small impact on gas-membrane interactions
that such filler has.

On the other hand, the CO, diffusivity reported in Fig. 4.54 in both PTMSP and M60-MMM

shows the typical behavior recorded in high free volume glassy membranes: diffusivity
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decreases with concentration of gas absorbed, because the matrix volume occupied by the
absorbed gas is not replaced by a significant dilation of the polymer, which is very rigid in
these operative conditions. The diffusivity of CO; is initially lower in the composite matrix
than in the polymer, indicating that the reduction of permeability measured in such mixed
matrix membrane with respect to the value obtained in PTMSP, at low pressure, is to be
attributed mainly to the diffusivity reduction. However, the diffusivity of CO; in the M60-
MMM decreases slowly with pressure. Such behavior can be explained in this way: at infinite
dilution of gas the composite membrane, characterized by lower free volume than PTMSP,
has also a lower diffusivity (-40%). Eventually, when the concentration of CO, in the
membranes is sufficiently high, the extra free volume of PTMSP with respect to the M60-
MMM becomes saturated and smaller differences (-16%) are observed between the
diffusivities of the two matrices.

The CH, diffusivity in PTMSP, shown in Fig. 4.55 is constant with concentration, as usual for
such penetrant in polymeric membranes; as for the case of CO, the M60-MMM exhibits
lower values of diffusion coefficients, as expected due to its lower free volume, and also

almost constant with concentration.

104



Experimental results

T l T l T l T l T l T l T
. 120  effect of M60 graphene of CO, solubility —
mE L O PTMSP _
g\ 100 <© M60-MMM |
& _
v, 80 —
o
E -
S 60 —
w -
S
s 40 —
= 35°C ]
o 20 —
&) i
1 1 1 1 1 1 1
0 ! ! ! ! ! !

0 5 10 15 20 25 30 35

Pressure (bar)

Figure 4.52: The effect of graphene M60 filler on CO; solubility in PTMSP at 35°C.
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4.2.4 Effect of fillers on physical ageing
At this point it is interesting to consider the effect of fillers on PTMSP ageing behavior. To

this end a comparison between ageing in PTMSP tested repeatedly over 9 months (i.e.
membrane 115 mm thick) and filled membranes will be reported. GO-MMM samples have
been tested over 9 months while the IND G-MMM and M60-MMM ones have been
monitored over 4 months. The membranes were stored in room conditions between every
measurement.

The permeability decreases with time, according to a logarithmic law, for practically all gases
and all membranes inspected, as it can be seen in Figures 4.56-4.59 for PTMSP, GO-MMM,
IND G-MMM and M60-MMM respectively. It can be noticed that all membranes exhibit
ageing for the permeability of all gases; in particular, the CO, permeability decrease in
PTMSP after 9 months is equal to -29% while N, CH, and He permeability decrease is about
-44%, -34% and -37% respectively. In GO-MMM membranes, the permeability decreases is
less significant, especially for CO,, and it is equal to -17%, -25%, -38% and -36% for CO,
N, CH, and He permeability respectively after 9 months.

For the graphene-based MMMs the time interval inspected is smaller and equal to about 4
months. In IND G-MMM membranes the decreases of permeability after 4 months is equal to
-28%, -31%, -39% and -21% for CO,, N, CH4 and He respectively; in M60-MMM for the
same set of gases we measures a permeability loss of -14%, -13%, -21% and -21%

respectively.
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The ageing permeability data indicate that no stable permeability value is reached after 9
months; in order to inspect the long-time behavior of such membranes we thermally treated
them at 200°C, so to accelerate the ageing. The treatment was performed on pure PTMSP and
on GO-MMM, and their gas permeability inspected after 1 and 9 months since casting.

In Figures 5.60-5.63 relative decreases of gases permeability with time are reported,
evaluated as the relative difference between the permeability measured at time t, (P(t)) and the
permeability measured after 2 d from casting (P(2d)). In Figure 4.60, the higher permeability
losses can be observed for PTMSP and GO-MMM, that reach values of about -40% after 9
months of natural ageing. On the other hand, the samples containing graphene fillers, IND G-
MMM and M60-MMM, are more stable, in terms of He permeability, with a -20% decrease
after 4 months of ageing. The thermal treatment of PTMSP and GO-MMM samples
drastically lowers their permeability, by a factor equal to about -40% for GO-MMM. Such
value can be assumed as a pseudo-equilibrium permeability for He in such membrane. The
PTMSP permeability is more drastically reduced by thermal treatment than that of GO-MMM
(-50%). Therefore, as far as the He permeability is concerned, it seems that the
pseudoequilibrium state for GO-MMM and for PTMSP can be reached after 9 months of
natural ageing or, equivalently, with a short thermal treatment at 200°C. Also, samples
containing graphene filler show a slower ageing with respect to PTMSP and GO-MMM
samples.

The decrease of N, permeability with time, reported in Figure 4.61 is comparable to that of
He; the permeability decreases by -35% after 9 months, for pure PTMSP, and by -25%, for
the GO-MMM membrane. On the other hand, the ageing behavior of IND G-MMM
membrane is similar to that of PTMSP, while the M60-MMM permeability only decreases by
about -15% after 4 months. Therefore, the N, permeability loss in PTMSP due to ageing is

reduced by adding GO and M60 fillers.
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Considering the thermally treated samples it can be noticed that, unlike the case of He
permeability, the N, permeability reduction obtained by thermal treatment is higher, in
absolute value, than that obtained by natural ageing over 9 months. In particular the
permeability reductions observed in PTMSP and GO-MMM are both equal to about -53% and
they seem stable with time.

The CH,4 permeability, reported in Figure 4.62, shows reductions which are somehow higher
than those observed for the case of Ny, and they range around -40%, for PTMSP and GO-
MMM samples after 9 months, while they are equal to -40% and -20% for IND G-MMM and
M60-MMM after 4 months, respectively. Therefore, also in this case the addition of graphene
M60 seems to slow down the ageing process observed in PTMSP.

When the ageing is accelerated via a thermal treatment at 200°C, the CH,4 permeability
reduction is higher than what obtained after 9 months of natural ageing: PTMSP permeability
goes down by more than 60%, although it regains a part of its initial permeability at the end of
the time interval inspected. The reduction of CH,; permeability in GO-MMM membranes
seems to be initially less marked than that observed in PTMSP, but eventually the two
membranes exhibit the same value of relative permeability reduction.

In Figure 4.63 it can be seen that the CO, permeability is less affected than that of other gases
by natural ageing, for all membranes. In particular the PTMSP and GO-MMM permeability
reduction after 9 months are equal to -30% and -15% respectively. The IND G-MMM follows
the same ageing trend as PTMSP, while the M60-MMM is the more stable sample, with a
reduction of CO, permeability equal to -14% after 4 months.

In this case the thermal treatment induces a different permeability change in the two
membranes: the CO, permeability drop after annealing is equal to -50% for PTMSP and -40%
for the GO-MM membrane. This situation seems stable with time, and indicates that, in the

long run, the loss of CO, permeability is definitely mitigated by the addition of GO.
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Furthermore, one can conclude that GO-MMM samples are resistant to thermal treatments
which can partly reduce GO.

The higher stability of CO, permeability with time, with respect to the permeability of other
gases, is probably due to the fact that the (high) CO, permeability in PTMSP-based matrices
is largely based on solubility; the solubility is a sum of entropic factors (related to free
volume) and energetic factors (related to penetrant condensability and gas-polymer
interactions). Therefore, when the free volume of the matrix is reduced due to ageing, the
reduction is more marked for diffusivity than for solubility, as the first quantity is much more
strongly related to the free volume, and the permeability reduction less marked for the more
soluble penetrants like CO,.

The addition of IND G nanoplatelets to PTMSP does not modify significantly the ageing
behavior in almost all cases, indicating that such filler has only the effect to reduce PTMSP

permeability, without modifying its relaxation time, and ageing behavior.
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Figure 4.62: The effect of fillers on PTMSP ageing monitored by CH, permeability loss with time.
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Figure 4.63: The effect of fillers on PTMSP ageing monitored by CO, permeability loss with time.

The addition of M60 filler, albeit its effect was inspected over a shorter time interval than the
other samples, slows down the ageing process, as tested through the permeability of all gases.
This aspect, combined to the fact that the addition of M60 reduces the permeability to a
limited extent and often enhances the selectivity, is promising for the use of such filler as
additive to reduce the physical ageing of PTMSP without compromising the permeability.

It can be noticed that CO, permeability is more stable with time after GO incorporation, while
the permeability of other gases does not change significantly. Such a selective ageing
behavior, combined to the enhancement of permeability induced by GO addition,
demonstrates the potential of such additive in CO, capture applications. Indeed, while the
permeability reduction measured after the thermal treatment is essentially the same for
PTMSP and GO-MMM in the case of He, N, and CHy, it is lower for the GO-MMM sample

than for PTMSP in the case of CO,. The treatment at 200°C induces a partial reduction of
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GO, which can lower its ability to interact with CO, molecules, but apparently such
phenomena do not affect gas transport, consistently with the fact that the amount of GO added
is small.

Results indicate that a correlation exists between filler dimension and effect on polymer
relaxation. In particular, the fillers with larger lateral dimension (GO and M60) can reduce
PTMSP ageing, while nanoplatelets with smaller lateral size (IND G) do not affect it
remarkably, as if the filler acts as mechanical constraint only if its size is big enough to limit
chains rearrangement.

Figure 4.64 reports selectivity towards several gas couples, at different ages of the sample (2d,
100 d, 300 d); the arrows represent the evolution of selectivity with samples age. It can be
observed that, for gas mixtures exhibiting a tradeoff between selectivity and permeability
according to Robeson, namely the CO,/N,, CO,/CH, couples, the selectivity increases with
sample age. Coupled to the fact that the permeability generally decreases with age, such
behavior indicates that, as time elapses, the performance of such membranes in a Robeson’s
plot evolves in a direction parallel to the trade off line, towards lower permeabilities and
higher selectivities. This aspect is clearer in the Fig. 7b and c that report CO,/N, and CO,/CH,
selectivity versus CO, permeability, for the different membranes at different times, where

arrows indicate the time evolution of the membrane performance.
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Figure 4.64: Selectivity of PTMSP and MMM for different gas couples at at different ages of the samples
(2d, 100 d, 300 d).

4.2.5 Thin samples results and comparisons
In this section it will be shown the results obtained for thin film composite membranes based

on PTMSP and graphene fillers, comparing them with results of thick membranes. It is well
known from literature [65-68] that glassy polymer ageing is strictly connected to film
thickness. In particular the ageing in thin film membranes is accelerated with respect to bulky
films and in some cases the permeability drop due to relaxation is higher in thin films than
thick ones [68]. In light of this, it is important to start and characterize thin sample at a time
which approach a virtual zero time after complete solvent removal. In particular in this work,
according to other works related to physical ageing in thin films found in literature, the zero
time is around 30 minutes. This choice is also driven by the fact that it is necessary to pull the

samples under vacuum for a fixed time to ensure complete solvent removal.
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It is interesting to notice that the permeability of neat PTMSP measured in samples with 7 um
thickness, at a time within 30 minutes, practically reproduces the values found for thick

membranes previously reported in Fig. 4.65.
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Figure 4.65: Comparison of fresh permeability in fresh thick and thin PTMSP films.

In particular from this data it is possible to observe that the permeability of He in the thin
membrane is 70% higher than the one obtained in self-standing thick membranes. Such a
behaviour could be due the higher evaporation rate of the solvent during sample spin coating
than solvent casting, which lead to obtain membranes with more open structures,
characterized by higher free volume. Considering that the permeability increases
exponentially with free fractional volume, according to Paul et al. [150], the higher
permeability in thin sample can be attributed to higher free volume. Moreover He is the
smallest gas considered in this work and thus its permeability value is the more affected by
free volume variations. On the contrary the permeability of larger penetrants such as CHy4, N»
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and CO, seems to be less affected by preparation method (i.e. spin coating/solvent casting)
and are more similar to values observed in the thick membrane. In particular N, and CO,
permeabilities differ of 5%, and CH,4 of 16% with respect to thick PTMSP. In any case
differences between thick and thin membranes are in the order of experimental uncertainties
on thin film thickness.

Now it is interesting to observe the effect of thickness on ageing rate of samples. From
Figures 4.66-4.69 it is possible to observe that in thin samples ageing is much faster than
thick one. In particular, for instance, for Helium a permeability loss of 40% has been
measured after 9 months of ageing. In thin materials the same variation can be observed after
1 day for a membrane 7 mm thick, after 2 hours for a sample 5 mm thick and after 1 hour for
a sample 4 mm thick. Similar results have been obtained for all the penetrants and are

reported in the following.
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Figure 4.66: The effect of thickness on He permeability loss in PTMSP at 35°C.
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Figure 4.67: The effect of thickness on N, permeability loss in PTMSP at 35°C.

,FIT O-O T T T T
&O
a
> -0.2 F .
g O4r |
o ]
o
Q -06¢ —0—2um -
; V. —n—4ﬁm
IS \ ol
[} o o
nd 08t O \vV/ V— 7 um )
=0 v 115 um
O , ] D\I-I—l:l , ] , ]

0.01 0.1 1 10 100

Time (d)

Figure 4.68: The effect of thickness on CH, permeability loss in PTMSP at 35°C.
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Figure 4.69: The effect of thickness on CO, permeability loss in PTMSP at 35°C.

The effect of fillers on fresh PTMSP permeability in thin films is reported in Figures 4.70 and
4.71, in which also data for thick membranes are included. From this comparison it can be
clearly observed that the effect of fillers on gases permeability is at least reproduced. In
particular the effect of fillers, related to penetrant size, observed in thick membranes, is
encountered also in thin films. With GO it can be observed in Fig. that gases permeability is
enhanced by the presence of the filler. In very similar results have been obtained in the case of
CO, and CH, permeabilities, on the contrary deviations from thick membranes results can be
observed for He and N,. M60 filler, as observed in thick samples, reduces gases permeability.
In particular the reduction is more pronounced in thin films, as it can be observed in Fig. 4.77
that the effect on PTMSP permeability is systematically lower than in thick samples. This

aspect may be explained considering that in thin membrane the permeability reduction due to
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tortuosity becomes relevant. In particular the lateral dimension of the graphene MG60
nanoplatelets is reported to be 5 um [ref. data sheet], and assuming that, during spin coating,
graphene filler disposes parallel to the basis of porous support (assumption validated by
absence of pinhole in the thin skin), they constrict gas molecules to move in a more tortuous

pathway, which reduces gas diffusivity and permeability.
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Figure 4.70: Comparison of the effect of GO in thick and thin fresh samples.
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Figure 4.71: Comparison of the effect of GO in thick and thin fresh samples.

Finally the effect of graphene based nanoplatelets on physical ageing can be considered. As
observed in thick membranes, also in thin samples ageing is slow down by addition of small
amount of GO and graphene M60. In particular results of ageing in MMM for 3 pum thin
membranes have been compared with a pure PTMSP thin film with the same average
thickness. Although samples have been characterized for a shorter time interval with respect
to thick membranes the effect of reduction of physical ageing phenomenon is reported in
Figures 4.72-4.75. For He and CO;, it is clear that the permeability reduction in GO-MMM is
lower than pure PTMSP as observed in thick membranes after 200°C thermal treatment. On

the contrary, as reported for thick ones, N, and CH4 permeability loss seems to be similar in

both PTMSP and GO composite membrane after 100 hours.
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Figure 4.72: The effect of fillers on thin PTMSP ageing monitored by He permeability loss with time.
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Figure 4.73: The effect of fillers on thin PTMSP ageing monitored by N, permeability loss with time.
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Figure 4.74: The effect of fillers on thin PTMSP ageing monitored by CH, permeability loss with time.
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Figure 4.75: The effect of fillers on thin PTMSP ageing monitored by CO, permeability loss with time.
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4.2.6. Robeson plots
In Figures 4.76-4.78 selectivity versus permeability data are reported for CO2/N2, CO2/CHa,

and CO-/He systems at different ages of the sample up to 300 days; the arrows represent the
evolution of selectivity with samples age. It can be observed that, for gas mixtures exhibiting
a tradeoff between selectivity and permeability according to Robeson, namely the CO2/N,
CO,/CH,4 couples, the selectivity increases with sample age both in thick and in thin samples.
Coupled to the fact that the permeability generally decreases with age, such behavior indicates
that, as time elapses, the performance of such membranes in a Robeson’s plot evolves parallel
to the trade off line, in the direction of lower permeabilities and higher selectivities. This
aspect is clearer in the Figures 4.77 and 4.78 that report CO,/N, and CO,/CH, selectivity
versus CO, permeability, for the different membranes at different times. Arrows indicate the
time evolution of the membrane performance and is clearly evident that, as time elapses,
membrane performances evolve following a direction parallel to the tradeoff curve.

A different behavior is observed in the case of the CO,/He couple, reported in Fig. 4.76.
Robeson reported a tradeoff between He/CO, selectivity and He permeability for this curve,
while PTMSP and associated mixed matrix membranes show a CO,-selective behavior.
However, even after reporting the performance of the membranes in a He/CO, performance
plot, the ageing takes the membranes closer to the tradeoff line; in other words the ageing
mechanism does not follow a direction parallel to the tradeoff curve, but perpendicular to it.
The only exception is represented by the membrane IND G-MMM and by thin membranes.
Such behavior can be due to the bimodal distribution of free volume domains in PTMSP and
to the fact that the small free volume domains available for He collapse more rapidly than the

large ones so that reduction of He permeability is faster than CO, one for thick membranes.
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Figure 4.76: CO,/N, Robeson plot for thin and thick PTMSP and Mixed Matrix Membranes.
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Figure 4.77: CO,/CH, Robeson plot for thin and thick PTMSP and Mixed Matrix Membranes.
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Figure 4.78: CO,/He Robeson plot for thin and thick PTMSP and Mixed Matrix Membranes.
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4.3 Experimental results in functionalized materials
Different powder samples obtained have been analyzed by FT-IR spectroscopy to recognize

amine peaks, verify the attachment to the polymer and quantify the amount of amine groups
bound to polymeric chains. To quantify the degree of functionalization we can calculate the
ratio between nitrile groups, C=N, and methyl groups, CHs, in functionalized and pure PAN.
In particular during the reaction nitrile groups decrease due to formation of imine groups,
while methyl groups, inert during the reaction are constant in both functionalized and pure

polymer. The conversion of PAN can be calculated as follow:

C=N
CH 3 | functional ized
Xean =1— C— |\: i (4.2)
CH 3 IpAN

Membranes morphology has been observed by scanning electron microscopy.
CO, transport properties have been measured by sorption experiment at 35°C up to 30 bar in a
pressure decay apparatus and permeation experiments have been conducted in a commercial

MultiPerm permeometer equipped with composition detector by the University of Padova .

4.3.1 FTIR analysis
The final end of FT-IR analysis is to evaluate and compare conversion of nitrile groups in

fabricated powders. Figure 4.79 pure PAN FT-IR spectra are reported, obtained and provided
by the University of Padova, in which different groups can be recognized for the characteristic
absorption peak; among them we have CH3 groups characterized by a peak around 2935 cm™
[151], CH, groups with a peak at 2860 cm™, the peak at 2240 cm™ [151], corresponding to

nitrile groups while any peak is visible at 3359 cm™ [151], where amines absorb [151].
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Figure 4.79: Pure PAN FT-IR spectra.

In Figure 4.80 results for powder functionalized with HMDA for different reaction time,
respectively are reported. What can be observed is the appearance of additional peaks, in the
range 3500-3200 cm™ with respect to pure PAN. Moreover it can be clearly seen the increase
of peaks heights at 1700-1500 cm™ with the increase of reaction time, which denotes that
increasing reaction time leads to increase of secondary amines and crosslinking of the

polymer.
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Figure 4.80: FT-IR spectra of functionalized powders with HMDA with a excess 2 times stoichiometric
ratio at 110°C for 2, 4 e 6.

Considering fixed reaction time of 3 hours and PAN/EDA ratio of 1/5, increasing the system
temperature from 80 up to 100°C it can be observed an increase of both primary and
secondary amines, as reported in Figure 4.81. In particular for the reaction conducted at
100°C we have a too high increase of the latter which underlines crosslinking of the polymer,

consequently the powder result non soluble in the proper solvent and cannot be electrospun.
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Figure 4.81: FT-IR spectra of functionalized powders with EDA with a amine excess 5 times the
stoichiometric ratio for 3 hours at 80, 90 and 100 °C.

Considering the effect of reactant ratio, what is expected is that the increasing of amine excess
favors the functionalization, reducing crosslinking [121]. From Fig. 4.82 it can be observed an
increase of nitrile groups reacted but also a decrease of amines bound to the polymer. This
aspect is due to the basicity of reaction environment which leads to hydrolysis of the polymer

as confirmed by the appearance of -COO™ peak at 1580 cm™.

131



Experimental results

2751 —— Amine excess 5/1

2938.3
2242.4

—— Amine excess 100/1

268730

3359.8

Absorbance

0.05
000!

T g g g . v . g g g v . . . . v . g g . v . . g g v . g g . v . . g g v
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-1)

Figure 4.82: FT-IR spectra of functionalized powders with EDA for 1 hour at 80°C, with amine excess 5
and 100 times the stoichiometric ratio.

FT-IR results for hydrolyzed PAN are now reported. Also in this case, as shown in Fig. 4.83,
an increase in time is followed by an increase in nirtrile conversion and primary and
secondary amines formation, respectively 1570 and 1640 cm™, moreover it can be observed
the appearance of other groups at 1400 and 1680 cm™ justified by formation of groups —COO"
and —CO. In conclusion the optimal operative condition is to conduct the reaction for 5 min,

because all the other powders could not be dissolved in DMF.
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Figure 4.83: FT-IR spectra of hydrolyzed PAN with 1M NaOH aqueous solution at 80°C and different
reaction times.

4.3.2 SEM analysis
From Fig. 4.84 it can be observed that electrospun PAN membrane arises as a tangle of

defectless polymeric fibers, randomly distributed without any preferential orientation;
moreover it can be said that the reaction of functionalization does not implicate variation in
the porous structure of membranes. After compaction at hydraulic press, as reported in Fig.
4.90, it can be observed the formation of a compacted layer with no pores, and the

disappearance of nanofibers.
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Figure 4.84: SEM images of electrospun (a) and compacted (b) PAN, and electrospun (b) and compacted
(d) functionalized PAN with EDA at 90°C fo 3 hours and amine excess equal to 5.

4.3.3 TGA analysis
Thermal stability of fabricated membranes has been analyzed by TGA. In Figure 4.85 TGA

curves are reported for different membranes produced. In all cases it is possible to individuate
two steps: in the first one we assist to humidity loss, the second one is due to degradation of
nitrile groups and amine groups present in the membranes [120]. Moreover it can be observed
that functionalized membranes are less stable than pure PAN, in fact their curves are on the
left of pure PAN, but variations are very small with respect to polymer and we can conclude

that functionalization has no particular negative effects on membranes thermal stability.
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Figure 4.85: TGA results for PAN and functionalized PAN with HMDA.

4.3.4 Transport properties

4.3.4.1 CO; solubility in powders and membranes
CO; solubility has been measured at 35°C up to 30 bar equilibrium pressure. As reported in

literature [152] PAN shows a dependence of CO, uptake on material morphology. In
particular as can be seen from Fig. 4.86 the solubility increases with surface area contained in
the material, high surface area morphologies have higher CO, uptake. It is evident that in
porous and compacted materials we have to consider an adsorption contribution together with
the sorption in bulk of the polymer. It is the same conclusion adduct by Huvard et al. [152],
who observed that the solubility of CO, in PAN microspheres of 100 nm was higher around

three time the one in membrane film, due to surface adsorption of the penetrant molecules.
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Figure 4.86: Effect of morphology on CO, solubility in PAN. Lines are data interpolations.

Functionalization effect on solubility can be observed from Fig. 4.87 where CO, solubility
results in pure and functionalized PAN with HMDA are reported. Amine content in the tested
powders and membranes and preparation route are reported in Table 4.1. It can be observed
that solubility increases with amine groups contained in the materials even in dry condition,
which suggests higher CO, affinity and interactions due to the presence of amines bound to
the polymer backbone. In particular solubility increases up to 4 times with respect to pure
PAN by increasing amine content up to 63%, which has to be related to higher sorbent

capacity of amine sites as already reported by many authors [153-157].
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Figure 4.87: Effect of functionalization on CO, solubility. Lines are Dual mode model interpolations.

Table 4.1: Materials characterized for CO, transport properties.

PAN/ Nitrile groups conversion
Material Reactant Reaction Morphology
Reactant (%)
PANp 1/0 - - Powder
PANes 1/0 - - Electrospun membrane
Electrospun membrane,
PANCc 1/0 - -
compacted
PANp-
HMDA 1/2 1 32 Powder
HMDA1
PANp-
HMDA 1/2 1 63 Powder
HMDA?2
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Electrospun

PANc-EDA EDA 1/5 1 45
Membrane, compacted
PANCc- Electrospun
HMDA 1/5 1 32
HMDA1 Membrane, compacted
Basic
Electrospun
PANc-Hydro  solution, 1/50 2 34
Membrane, compacted
NaOH 1M

4.3.4.2. CO, permeability
CO, permeability dependence on relative humidity of PAN is reported in Figure 4.88. It can

be observed a slight decrease of permeability, around 15% at 75% RH, which could be due to
a capacity of water vapor to cluster in existing microcavities in PAN [158].

Considering functionalized membranes, in dry condition, it can be observed from Fig. 4.88
and 4.89 the effect of crosslink during functionalization reaction. In particular in the case of
hexamethylene diamine the permeability decreases up to 94%, with ethylene diamine the
permeability decreases up to 82%, while with hydrolyzed PAN the permeability loss is
smaller, around 69% thanks to the reduction of lateral chain formation during the reaction and
consequent crosslinking. Moreover even if PANc-EDA membrane shows higher content of
amine sites than PANc-HMDAL, it has a less crosslinked , due to a lower length of EDA
chain than HMDA, and has the highest permeability in dry conditions.

Increasing the relative humidity of the feed stream up to 75%, hydrolyzed PAN maintains a
pretty constant permeability around 20 Barrer, which suggests that the material is probably
not adequately functionalized for the instauration of facilitated transport mechanism in humid
conditions. While materials functionalized with HMDA and EDA show increase of

permeability up to 20% and 70%, respectively, with respect to pure PAN, which underline
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that facilitated transport takes place and is induced in presence of water as reported by many

authors [105-110].
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Figure 4.89: Effect of functionalization route on CO, permeability in PAN in dry and humid conditions at

35°C and 1 bar.
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5. Models

In this chapter the experimental data obtained for copoly(ether imides), shown in the previous
section have been modelled, aiming to the rationalization of the effect of copolymer
composition and operative conditions one transport mechanism in these kind of materials.

Models used for the theoretical representation of the diffusivity, solubility and permeability
will be briefly presented and afterward they will be applied to give the theoretical

representation of these physical quantities involved in the transport process.

5.1 Free volume theory
The utilization of polymeric materials as separation membranes requires the necessity of the

estimation of the diffusivity of different gases in the polymeric film. A widely used model for
the description of the diffusion of low molecular weight species in polymeric systems is the
well-known free volume theory of diffusion [150,159,160].

As first presented by Cohen and Turnbull [161], the diffusion of gases in the polymeric matrix
can be considered as a series of diffusive jumps in the free volume available for the
penetrants. Cohen and Turnbull in particular reported a theoretical description of the diffusion
coefficient in a liquid formed of hard spheres, dividing the volume of the liquid in the one
occupied by the spheres and the free volume, which can be approximated and considered as
voids created by density fluctuations. The fluctuation in density opens a hole within a cage
large enough to permit a considerable displacement of the molecules contained by it. Such a
displacement gives rise to diffusive motion only if another molecule jumps into the hole

before the first returns its original position. So diffusion is treated as translation of a molecule
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across the void within its cage, which occurs as a result of redistribution of the free volume
within the liquid. Cohen e Turnbull results for free volume are derived within the hypothesis
the entire free volume is available to be distributed among molecules without limitations
[161]; in free volume theory development by Vrentas e Duda [162,163] two distinct
contributions are recognized: the interstitial free volume and the hole free volume. In
particular interstitial free volume, function of temperature, corresponds to the fraction of free
volume around the molecule which can be exchanged with other molecules only at high
energy costs and that, in practice, do not participate to mechanism promoting mass transport,
while hole free volume is assumed to be redistributed without energy increase, can be
exchanged between molecules without limitations and so is the one available for diffusional
transport. In their work, Vrentas and Duda, developed a complex mathematical framework
able to describe the self diffusion coefficient of different penetrants in polymer systems. The
model can describe the diffusion process both above and below the glass transition
temperature of the pure polymer, considering that it seems appropriate to assume that the
same type of transport mechanism describes diffusion both in the rubbery and in the glassy
state [164].

After the original formulation, many other simplified versions of the free volume theory have
been considered. In particular simpler correlation of the diffusion coefficient have been
obtained as a function of fractional free volume, FFV, as reported in equation 5.1, which

recalls Doolittle equation for the viscosity of liquids [165]:

D, = A exp(— FBWJ (5.1)

Where the constants A and B depend on the particular penetrant considered. The constant A

depends on the system’s temperature and the gas molecule’s volume and shape and B, while
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originally labelled as a material constant, was later found to depend on the gas molecule’s
kinetic diameter [18].

The fractional free volume is defined as the ratio of the polymer average free volume, V.,

and the specific volume of the polymer, Vv, and the free volume is defined as the difference

between the specific volume of the polymer and the volume occupied by polymer

macromolecules V.

FFV =

- (5.2)

The definition of occupied volume V, is different throughout the literature. As stated earlier,

Doolittle defined occupied volume as the volume of 1 g of liquid extrapolated to absolute zero
without a change of phase. Over time the most popular definition of occupied volume for
polymers has come from using Bondi’s group contribution method which is based on the
packing densities of molecular crystals at absolute zero and the van der Waals volume of each

of the various groups in the polymer structure:

K

Vo =1.3) Vi, (5.3)

k=1
Where K is the total number of groups into which the repeat unit structure of the polymer is
divided and V,, , is the van der Waals volume of each group k. The factor of 1.3 was
estimated by Bondi from packing density considerations, taking into account also the volume

of the polymer inaccessible to gas molecules, and is assumed to be applicable to all groups

and structures.
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5.1.1 Modeling diffusivity in copolymers
In the case of copoly(ether imides), materials are formed by two segregated phases which are

randomly distributed and as reported in literature [15], for practical purpose, the free volume

can be expressed with an additive rule as follow:

A

FEV _ Vcopolymer

copolymer ™

~1.30:V,  + 0V 5.0
e .

copolymer

Where v

copolymer

is the specific volume of the copolymer, @, and @gare the mass fraction of

rubbery and glassy phase respectively, V, . and V,. are the van der Waals volume of the

rubbery and glassy pure homopolymer taken from [143] and reported in Table 5.1.

Table 5.1: Van der Waals volumes for pure homopolymers.

Polymer Van der Waals volume
(cm®/g)
PPO 0.592
PEO 0.673
BPDA-ODA 0.495
BKDA-ODA 0.490

Having the knowledge of experimental diffusion activation energies, the constant A; in

equation 5.1 has been expressed as:
A =D, ,exp —Ej (5.5)
- Hi0 RT .

Where the parameter D, ,is a specific gas-polymer pair, temperature independent, which is

assumed to be independent with copolymer formulation, and Ep is the activation energy for

diffusion process in the copolymer. The parameters D,;and B; for the two series of
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copolymers have been optimized on CO, diffusivity data reported in the experimental results

section.

5.2 Equilibrium and Non Equilibrium Lattice Fluid Models
The theoretical representation of the solubility of gases and vapors in polymeric matrices is a

crucial aspect to estimate the separation performances offered by the membrane and to deeply
understand the connection between polymer structure and morphology with its sorption
capacity.

Rubbery amorphous polymers-penetrant mixtures can be described by the well known Flory
Huggins model, which is meant to apply to mixtures of molecules of different sizes. Unlike
the Flory-Huggins model, the Sanchez-Lacombe model [167] considers configurations with
empty sites in the lattice, so free volume exists in the polymer-penetrant mixture, and volume
changes upon mixing penetrant and polymer molecules are allowed. The Sanchez-Lacombe
model treats polymer chains as a set of beads on a lattice, in which polymer chains are mixed

randomly with penetrant molecules. Each component of the mixture is completely
characterized by three independent parameters: the characteristic pressure p; , which is the
hypothetical cohesive energy density of component i in the closed-packed state, the
corresponding mass density p, , and the characteristic temperature T,”, related to the closed-
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 glass transition temperature for the
polymer, and to vapor liquid equilibrium data for penetrants. Statistical analysis of the

corresponding picture for polymer—penetrant binary mixtures allows to derive an expression

for the Helmholtz free energy in the equilibrium states as a function of temperature T,

polymer mass density, Opq,m. » and solute mass fraction, «;, of the following form:

EQ,mix

a'LF = a(T ’ pPonmer ! a)i ) (56)
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By using well-known results from classical thermodynamics, an equation of state (EoS) for

equilibrium pressure describing the behavior of the polymer—solute system is derived:

EQ,mi da ™
p=-ag (T 1 Prolymer + Dj ) + Proymer| = (57)
apPonmer T,0

The models developed for the description of rubbery polymer, such as LF EoS, fails in the
description of the glassy state, due to the out of equilibrium of glassy polymers. Empirical or
semi-empirical approaches have been proposed for the description of gases and vapors
dissolution in glasses. The widely used model remains the Dual Mode Sorption Model [168],
DMSM, which has found extensive and successful applications over the years. The model is
very easy to apply, with its three adjustable parameters, which have to be calculated from a
data-fitting procedure based on experimental data available for each penetrant-polymer
couple. So the model has no predictive ability, and in addition, usually parameters depends on
the pressure range examined for the fitting procedure.

In 1996 Doghieri and Sarti [169] developed a modeling approach for the prediction of
penetrant solubility in glassy polymer, called as Non Equilibrium Thermodynamics for Glassy
Polymers (NET-GP), which adopts an equation of state approach for the description of
polymeric systems. In fact, based on a thermodynamic approach, they demonstrated the
extension to the glassy state of equilibrium models, adopting the density of the polymer as an
internal state variable capable to describe the non-equilibrium state of the system, as it can not
evolve toward equilibrium conditions due to Kinetic constraints, which hinders polymers
relaxation below glass transition temperature. In particular, the Non Equilibrium Lattice Fluid
model adopts the same thermodynamics representation of Sanchez-Lacombe LF theory and
extends its validity to the glassy state by the use of the density as internal state variable, which

cannot be calculated as usual for rubbery polymers with the LF equation of state, but has to be
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experimentally determinate, and depends on the previous sorptive and thermal history of the
glassy polymer.

The NELF model moves from the results of LF theory indicated above, extending the
mapping of free energy density to the glassy states of the polymer—penetrant systems. The
simple conclusion is finally drawn for Helmholtz free energy in non-equilibrium states of the

system indicated in the following relation:

NE , mix

aR™ (T, Poymer 1 @5) =g (T Py &, Pogiymer ) (5.8)
Adopting rigorous thermodynamics arguments, they demonstrated that the expression of the
chemical potential is formally the same as LF theory. It must be stressed that while in
equilibrium conditions the mass density of polymeric species is related to temperature,
pressure, and composition by means of equation 5.7, in non-equilibrium glassy states, the
mass density of polymeric species is not unequivocally related to the same set of variables,
and it needs to be independently estimated in corresponding NELF formulations of phase
equilibrium problems.

So, as described in detail in previous papers [167,168,170] the solubility of a gas in a

rubbery or glassy polymer can be modelled and predicted with lattice fluid models,

considering equilibrium and non-equilibrium conditions respectively, applying the equality

of chemical potential of penetrant between the gaseous phase and the polymeric one.

We report in Table 5.2 the main equations and parameters of lattice fluid models:
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Table 5.2: Main equation of LF models.

Symbol Name Definition/property
* ok ok Characteristic density,
Pi s P ’Ti pressure and temperature
~ 5 T | Reduced density, pressure and pi=plp ;b =plp ;T =TIT
Pis Pis 1 temperature
. RTi*
_ * Volume occupied byamole | V; = ——
= Vi of lattice sites P
2
8_
IS o r0 = M,
8 r0 Number of lattice sites [
® | occupied by a molecule IV
&
; Mass fraction
_ i T ONp+
@, Volume fraction 2 o, | p,
i=1
Np+1
p* Characteristic density Up = ;a)i lp,
Np+1 1 Np+1
. t = o = _ AD:
p Characteristic pressure P =) ¢' Pi ) |Z=1: ¢' ; ¢J Py
Ap; Binary parameter Apy =p; +p;j - 21~ kii)V Pi - P;
V. =1-k.
kij e Binary parameter I I
3 r Number of lattice sites I’iOVi* = I‘iV*
é i occupied by a molecule
s Np+1
Molar average number of r= Z X.T.
r lattice sites occupied by a : B
molecule =1
* N +1 * * *
. Characteristic temperature, T :p_ \ X.1-° T - pVv
T v average close-packed mer r 4 i p_* R
molar volume - !
S 5T Reduced density, pressureand | p=p/ p’; p=p/ p* ; T=T/T
P P, temperature
. Np+1
Equation of state for the ~y = = -~ ~ e,
fluid-polymer mixture p-+p+T|In(l-p)+ P[l_ r_l =0
(¢, = Lfor pure i) =
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Chemical potential of i in the M Ap” o b (1-p)In(1l-
(s) polymer mixture #=ng +{1-4)+ P%L(l—ﬂ)z + — PL + L=r) ~( 2
A pi RT T Tp p
(¢, =1 for pure i)
AV Volume dilation induced by ﬂ = 1 -1
— penetrant sorption Vo o P A—0;)000mer
Vo (Vo is dry polymer volume)

The models also contain a binary gas-polymer interaction parameter, ki, which affects the
characteristic pressure of the gas-polymer mixture and can be set equal to zero, in first
approximation, or adjusted on solubility data.

The gas solubility at each temperature and pressure can be obtained by solving the phase
equilibrium condition, using the expression of the chemical potential reported in Table 5.2.
In particular in the case of the rubbery polymer, phase equilibrium is represented by equation
5.9 and the density of polymeric mixture is calculated by LF EoS, that must be solved

together with the phase equilibrium condition between gas (G) and solid (S) phase:

,uiG(Ta p):,uis(T, p, ;) (5.9)
For the glassy phase, due to its non-equilibrium state, the polymer density is an internal state
variable that should be provided to the model from experimental data, or adjusted on

solubility data:

w1 (T, p)=2° (T, P, Pooy) (5.10)

It must be also specified that, during sorption of swelling penetrants such as CO, the glassy
polymer density may not stay constant to its dry value, but can change due to swelling. In
case no swelling data are available for the gas-polymer mixture inspected, as in the present
case, one can rely on the assumption that density varies linearly with gas pressure, as
reported by many authors [171-174], and thus introduce only one additional adjustable

parameter to represent its value in the entire pressure range. The value of the slope of density
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versus pressure is called swelling coefficient, ks, and relates density to pressure and dry

polymer density pp., according to the following equation:

ProL = ngL (- Kew P; : (5.11)

5.2.1 Model for gas solubility in copolymers
The NELF model has been used, over the years, to model the solubility of pure and mixed

fluids in many complex polymeric systems such as the polymer blends [175], crosslinked
polymers [176], semicrystalline structures [127] and composite materials [177,178].
Different types of approaches are possible when we deal with the estimation of the gas
solubility in a complex system such as a copolymer formed by a rubbery phase, at
equilibrium, and a glassy phase, that is not at equilibrium.

In general, both phases are active during the sorption process and the gas concentration can
be expressed assuming additivity of the solubility contributions due to the rubbery and to the

glassy phase, named c, and c, respectively:

Ceopol = WrCr + (1- Wy )Cq (5.12)

copol
In the above equation, the concentration of gas absorbed by the rubbery phase is estimated at
each pressure with the LF EoS model, while the concentration of gas absorbed by the glassy
phase is estimated with the NELF model. Different assumptions can be made for the degree
of interaction and interpenetration between the two phases, which affect the choice of the
parameters required by the equilibrium and non equilibrium models in order to calculate the
solubility.

In particular, the estimation of the concentration of a gas in a rubbery polymer by the LF EoS
requires for the values of the pure gas and pure polymer parameters, as explained above, and

of a binary energetic parameter ki (gas-polymer). In this work we assumed that the rubbery

pure polymer phase parameters are equal to those obtained on the corresponding pure
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rubbery homopolymer. The binary parameter k;; was taken equal to the one obtained based
on the solubility of the gas in the pure homopolymer.

When it comes to the density of the polymeric phases to be used in the modeling, one has to
account for the fact that the copolymers volume is lower than the sum of the homopolymers
volumes, considering the negative mixing volume observed experimentally, and thus that
one, or both phases assumes a density value higher than that of the corresponding pure
homopolymer. Indeed the glassy phase, by nature, can assume rather different density values
at fixed pressure, temperature, and gas composition; however, also the rubbery phase present
in the copolymer may be not free to expand and to assume the equilibrium value of the
volume, as it would be in its pure state. In order to reduce the number of adjustable
parameters of the model, and following physical considerations and model assumptions, we

attributed the negative mixing volume entirely to the glassy phase, and assumed that the
rubbery density value is equal to that of the pure homopolymer V. = \A/éJ . The glassy density

value indeed is not a unique value because it can vary due to different sample history; the
NELF model is thus already set to account for such variations and to include arbitrary values
of polymer density, decoupled from the prevailing temperature, pressure and composition
values. Moreover, some previous results indicate that some of the excess free volume of the
glassy domains are penetrated by soft segments in these copolymers. The value of glassy

phase density in each copolymer, V. according to the previous considerations, can be
calculated from experimental data for the copolymer volume with the following equation
Veorst = We¥s + (1- Wy )V, (5.13)

copol

5.3 Permeability modeling
Considering the validity of solution-diffusion model, confirmed by experimental evidences, in

this work the permeability has been modeled by calculating the solubility coefficient with LF
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models, as reported in the previous section, and diffusion coefficient with free volume theory,

as reported in equation 5.7.

E B.
P=D -S =D ,exp| - —2 |exp| - —— |- S. 5.14
i i i i,0 p( RTJ p[ FFV) i ( )

5.4 Evaluation of pure component LF parameters
As said before to model solubility data with NELF model, we need the lattice fluid

parameters, T*, p*, p*, for CO, and the different polymeric phases forming the copolymer.
Normally such data are retrieved by fitting the LF EoS parameters on PVT data above T for
the polymers, and on LV data for the gases. This was the procedure followed for the polymer
PPO and we report in Figure 5.1 comparison of experimental data of specific volume [124]
with prediction of LF model. The maximum error in the estimated polymer volume in the

entire range of pressure and temperature considered is below 1%.

1_08 | T T T T T T T T T ]
~ 1.06F .
Koy I
= i J
o 1.04 O 0.1MPa
) I 1 0 20MPa
E 102+ 4 A 40 MPa
g i | v 60MPa
> <& 80 MPa
S 1.00 | 1< 100MPa
3 098} ]
o
3 I

096 C 1 . 1 . 1 . 1 . 1 ]
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Figure 5.1: Comparison of Sanchez and Lacombe LF-EoS and experimental data of specific volume of
PPO at different temperature and pressure.
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For BPDA-ODA and BKDA-ODA pure component PVT data above T are not available and
different procedure has been followed, as it can be seen in Figure 5.2 and Figure 5.3, that fits
the LF parameters using the NELF model for the solubility in the glassy state and the gas
solubility data in the glassy polymers taken from ref [180,181]. It is important to underline
that LF parameters were optimized considering for all gases zero value for kj and Ks. The

set of parameters thus obtained is listed in Table 5.3 together with those of PPO, CO, taken

from ref [124] and PEO taken from ref.[178].

=
o

F T AL | T LRI | T T T T
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Figure 5.2: Parity plot for comparison of NELF model and experimental solubility data in BPDA-ODA.
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Figure 5.3: Parity plot for comparison of NELF model and experimental solubility in BKDA-ODA.

Table 5.3: Sanchez and Lacombe pure component LF parameters.

Component ™ p* p* Reference
K MPa glcm®
PPO 542 420 1.096  This work, modelling p-v-T data taken from ref. 124 with LF EoS
PEO 590 620 1.218 Taken from ref. 178
This work, based on NELF model fitting of solubility data of CO,,
BPDA-ODA 570 480 1.610
CH,, CO, H, taken from ref. 179
This work, based on NELF model fitting of solubility data of CO,,
BKDA-ODA 670 600 1.530
CH,, CO, 0,5, N, taken from ref. 180
CoO, 300 630 1.515 Taken from ref. 169

5.5 Modeling CO, sorption in pure PPO, BPDA-ODA, PEO and BKDA-ODA
The binary parameters ki, and ksw, have been calculated from literature CO, induced dilation

and CO; solubility data in the pure homopolymers using LF EoS for PPO [181] and PEO

[181,182] and NELF model for polyimide membrane BPDA-ODA [179]. For polyimide

BKDA-ODA we considered the value of ki equal to zero, as imposed for LF parameters

estimation. These parameters are listed in Table 5.3. In particular for rubbery phases, which
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are in thermodynamic equilibrium, the only adjustable parameter is ki, while for glassy
phases one needs to estimate also ksw. However, for all the glassy homopolymers considered,
the swelling coefficient has been set equal to zero obtaining good fits of the sorption
isotherms both for homopolymers and copolymers, thus indicating that such polyimides are
rather rigid. This result also indicates that, in the copolymers considered, the only phase
responsible for swelling is the rubbery one.

The same is true for all binary energetic parameters k;;, that are equal to zero in practically all
cases except that of pure PEO, that is in line with the value reported in a previous work for a
different molecular weight and experimental temperature [127]. The value of zero indicates a
good compatibility between gas and polymer phase. The fact that kj is constant with
copolymer composition is consistent with the fact that such parameter represents interactions
between CO, and repeating units (monomers) of the polymeric phases.

In Figures 5.4-5.8 comparisons of experimental solubility isotherms and modeled data for
CO; in PPO, PEO and BPDA-ODA are reported. One can observe that experimental data for
PPO seem not to have the classical behavior of gas sorption in a rubbery polymer and they
are underestimated by the model particularly in the low pressure range. On the other hand

dilation data are well represented by LF model.
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Figure 5.4: Comparison of LF model with data of CO, sorption in PPO at different temperature and
pressure.
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Figure 5.5: Comparison of LF model with data of CO, induced dilation in PPO at different temperature
and pressure.
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Figure 5.6: Comparison of LF model with data of CO, sorption in PEO at different temperature and
pressures.
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Figure 5.7: Comparison of LF model with data of CO, induced dilation in PEO at different pressures.
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Figure 5.8: Comparison of NELF model and experimental data of CO, sorption in BPDA-ODA at

different temperatures and pressures.

Table 5.4: Adjustable parameters for LF and NELF models.

CO,-PPO CO,-BPDA-ODA CO,-PEO CO,-BKDA-ODA

T
°C
30

45
60

Kij kij Kew Kij
bar*
0.016
0.016
0.016

o O o

5.5 Modeling CO, sorption in copolyetherimides

As it can be seen in Figures 5.9-5.14, using the proposed model with reported parameters, we
see that we obtain a good representation of the experimental data within the experimental
error. It must be pointed out that no adjustable parameters were used in the model. The
energetic interactions between CO, and the two different phases, represented by the k;; value,

are equal to those observed between CO, and the respective homopolymers, as it is
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reasonable, and are in almost all cases equal to the default value of zero. The same is true for

swelling coefficient.
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Figure 5.9: Comparison between experimental CO, solubility data and modeled solubility data with LF
and NELF Models in BPDA-PPO-ODA 1/1 at 30°C, 45°C and 60°C.
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Figure 5.10: Comparison between experimental CO, solubility data and modeled solubility data with LF
and NELF Models in BPDA-PPO-ODA 2/1 at 30°C, 45°C and 60°C.
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Figure 5.11: Comparison between experimental CO, solubility data and modeled solubility data with LF
and NELF Models in BPDA-PPO-ODA 4/1 at 30°C, 45°C and 60°C.
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Figure 5.12: Comparison between experimental CO, solubility data and modeled solubility data with LF
and NELF Models in BPDA-PPO-ODA 6/1 at 30°C, 45°C and 60°C.
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Figure 5.13: Comparison between experimental CO, solubility data and modeled solubility data with LF
and NELF Models in BKDA-PEO-ODA 2/1 at 30°C, 45°C and 60°C.
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Figure 5.14: Comparison between experimental CO; solubility data and modeled solubility data with LF
and NELF Models in BKDA-PEO-ODA 4/1 at 30°C, 45°C and 60°C.
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Considering the additive rules for solubility and copolymers volume used by the model,
equations 5.12 and 5.13, these results confirm the hypothesis that both phases are active
during the sorption process. In particular increasing the rubbery phase content, the solubility
in the glassy phase becomes less relevant and the model is able to predict the higher swelling
capacity of CO, in polymer matrix, reproducing qualitatively and quantitatively experimental
data. Moreover from the model it is clearly evident that the rubbery phase is not influenced by
the copolymerization and membrane formation, as it maintains its equilibrium condition and
is free to expand as it would be in its pure state, on the contrary it is necessary to take in
consideration volume variation of the glassy phase, which vary as a function of copolymer
composition, increasing with rubbery content from 1% up to 30% with respect to the pure
glassy polyimide volume. In Figure 5.15 are reported, as an example, the curves representing
the solubility isotherms calculated with the model, using, for the glassy phase, the volume
estimated with equation 5.13, represented by the solid line, and pure homopolymer glassy
volume (dashed line). As it can be seen, assuming that the glassy phase volume is not affected

by presence of the rubbery phase yields an overestimation of the solubility in the copolymers.
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Figure 5.15: Comparison of CO; solubility modeling results in BKDA-PEO-ODA 2/1 at 30°C with (solid
line) and without (dashed line) density adjustment of glassy phase.

162



Models

5.6 Estimation of volume dilation during CO, sorption in copolyetherimides
According to previous work [183] and volume additivity equation 5.13, volume dilation

during sorption in copoly(ether imides) can be predicted a priori as follows:

) 1 -1\ + @ ! —1 102

VR A - R\ T R Vot R\
_ (5.15)
V, v

copolymer
Where p°, p¢, p™®, pCare respectively reduced density and characteristic density of

rubbery and glassy phase during CO, sorption, calculated according to equations reported in

Table 5.1.

According to our calculations it can be observed in Figures 5.16-5.17 that in both series of
materials increasing CO, content in copolymer mixture volume dilation does, up to 10%, due
to high ability of the penetrant to swell polymer matrices. It can be seen that increasing
rubbery phase content, volume dilation increase at constant temperature. Moreover in PPO
series, for which a wide range of composition has been inspected, volume dilation reaches a
maximum value, not varying going from sample 4/1 to 6/1. So it seems that rubber mass

fraction higher than 60% does not affect material swelling.
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Figure 5.16: Calculation of volume dilation in BPDA-PPO-ODA copolymers at 30°C with LF models.
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Figure 5.17: Calculation of volume dilation in BKDA-PEO-ODA copolymers at 30°C with LF models.

5.7 Modeling CO, diffusivity and permeability in copolymers
The free volume theory, equations 5.1 and 5.5, has been used to model diffusivity data of CO,

in PPO and PEO based copolymers. In particular free volume values for dry copolymers,

calculated by means of equation 5.4, are reported in Table 5.5.

Table 5.5: Estimation of dry copolymers fractional free volume, FFV.

Rubber
Sample p FFV
content

wt% glem® %

BPDA-PPO-ODA 1/1 28.24 1.267 13.9
BPDA-PPO-ODA 2/1 43.34 1230 14.1
BPDA-PPO-ODA 4/1 59.17 1.187 14.7
BPDA-PPO-ODA 6/1 67.38 1.159 15.6
BKDA-PEO-ODA 2/1 4420 1.281 13.8
BKDA-PEO-ODA 4/1 60.40 1.244 14.6

So it seems that fractional free volume in the materials analyzed is comprised in the range

between 14% and 16%, and it is reasonable considering the high content of rubbery phase in
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copolymers. In addition during, CO, sorption and diffusion, free volume has been calculated
by means of equation 5.15, taking into account swelling of copolymer matrix
This procedure allows for the representation of diffusivity data as reported in Figures 5.18—

5.23 with the following adjustable parameters reported in Table 5.6:

Table 5.6: Free volume theory adjustable parameters.

Copolymers D, B
cm?/s
BPDA-PPO-ODA 5107 0.08
BKDA-PEO-ODA 2.5-10* 0.09

The model represents well experimental data unless for the case of PEO copolymers for
which the maximum deviation is around 70% at 30°C. Permeability modeling data, reported
in Figures 5.24-5.29, have been calculated with equation 5.14 and they reproduce accurately

experimental results.
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Figure 5.18: Comparison between experimental CO, diffusivity data and data modeled with free volume
theory for BPDA-PPO-ODA copolymers at 30°C.

165



Models

*1073 . , , ,
1710 F diffusivity of CO_in ' ' '
[ BPDA-PPO-ODA_coponmers at 45°C ]
— 1*10‘4 . O BPDA-PPO-ODA 1/1 ©O BPDA-PPO-ODA 2/1 -
w t A BPDA-PPO-ODA4/1 v BPDA-PPO-ODA 6/1
NE [ —— Model
-5
S 1*10 'k o —& 3
g AV TR VY A v
s
> -6
‘»n 1*10 F E
E O
= (@)
-7 0))
QO 1x107F ]
@) 0d On[ n
© 8
1*10 "k 3
1 L 1 L 1 L 1 L 1
0 10 20 30 40

CO, Average concentration (cm’(STP)/cm’)

Figure 5.19: Comparison between experimental CO, diffusivity data and data modeled with free volume
theory for BPDA-PPO-ODA copolymers at 45°C.
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Figure 5.20: Comparison between experimental CO, diffusivity data and data modeled with free volume
theory for BPDA-PPO-ODA copolymers at 60°C.
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Figure 5.21: Comparison between experimental CO, diffusivity data and data modeled with free volume

theory for BKDA-PEO-ODA copolymers at 30°C.
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Figure 5.22: Comparison between experimental CO, diffusivity data and data modeled with free volume

theory for BKDA-PEO-ODA copolymers at 45°C.
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Figure 5.23: Comparison between experimental CO, diffusivity data and data modeled with free volume
theory for BKDA-PEO-ODA copolymers at 60°C.
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Figure 5.24: Comparison between experimental CO, permeability data and data modeled with LF models
and free volume theory for BPDA-PPO-ODA copolymers at 30°C.
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Figure 5.25: Comparison between experimental CO, permeability data and data modeled with LF models
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Figure 5.26: Comparison between experimental CO, permeability data and data modeled with LF models

and free volume theory for BPDA-PPO-ODA copolymers at 60°C.
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Figure 5.27: Comparison between experimental CO, permeability data and data modeled with LF models
and free volume theory for BKDA-PEO-ODA copolymers at 30°C.
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Figure 5.28: Comparison between experimental CO, permeability data and data modeled with LF models
and free volume theory for BKDA-PEO-ODA copolymers at 45°C.
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Conclusions

In this work the investigation of transport properties of innovative materials for the separation
and capture of carbon dioxide has been conducted by means of different experimental
techniques.

The effect of temperature, pressure and copolymer composition on solubility and diffusivity
of CO; in two series of copoly(ether-imides) made by hard (BPDA-ODA or BKDA-ODA)
and soft (PPO or PEQO) segments has been observed. In the case of BPDA-PPO-ODA
copolymers the solubility is not dependent on material composition, while on the contrary
diffusivity strongly depends on rubbery phase content, increasing with it due to higher
mobility of PPO with respect to rigid BPDA-ODA. A dramatic increase of diffusivity is
observed when the fraction of PPO is between 40 and 60wt%, which can indicate a transition
from a glassy-like to a rubbery-like behavior, as also indicated by the variation of the shape of
the solubility isotherms. On the other hand in BKDA-PEO-ODA materials, which show a
rubber-like behavior in almost all situations, both solubility and diffusivity increase by
increasing PEO content in the membrane, and it is due to higher affinity with CO, of PEO
rather than BKDA-ODA. The effect of temperature has been studied both for solubility and
diffusivity, giving sorption enthalpies and diffusion activation energy as a function of
copolymer composition. According to the solution diffusion mechanism of transport
permeability has been calculated, obtaining results which reproduce the qualitative behavior
of the diffusion coefficient with operative conditions. Finally, LF models have been used to
model CO; solubility in copolymers. In spite of its simplicity, the model has proved accuracy

in representing thermodynamic behavior of mixture formed by CO, and both series of
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copolymers. The success of the approach seems to confirm the physical assumptions
underlying it, and in particular that both phases absorb CO,; the rubbery phase maintains the
same volumetric and sorption behavior as in the respective pure homopolymer, while the
glassy phase volume is reduced by the presence of the rubbery phase, and consequently its
ability to absorb CO,. It can be concluded that the model developed allows to represent the
effect of composition on CO, solubility and that the non ideality of the rubbery/glassy
copolymers is due to a reduction of the glassy phase free volume induced by the presence of
the rubber. In addition the diffusivity of carbon dioxide has been modeled with the well
known free volume theory, taking into account volume variation due to swelling and dilation.
In such a way it has been possible to describe the dependence of diffusivity on CO, uptake
and according to the solution diffusion model permeability has been modeled obtaining good
results which reproduce experimental data with two adjustable parameters.

In this work it has been studied MMMs based on PTMSP and 1 wt% of different types of
graphene-based nanoplatelets: two graphenes (IND G and M60), and one GO. The membrane
preparation procedure was carefully optimized to avoid filler precipitation and obtain good
homogeneity and flexibility.

The films have been analyzed for He, N,, CH, and CO, permeability and, in some cases, also
for the solubility and diffusivity contributions. Gas permeability have been studied over 9
months, in order to monitor the ageing, and after a mild (200°C) thermal treatment, that
accelerates ageing. In particular, as far as the permeability and ideal selectivity are concerned
one can observe that:

- the addition of GO nanoplatelets (lateral dimension 2 um, thickness 1.1 nm) to PTMSP

enhances slightly the permeability of all gases, and enhances the selectivity for the couple
CO,/He and CH4/He. The solubility and diffusivity are both enhanced by addition of GO
filler. Such effects are attributed to a modification of the polymeric chain packing induced by
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the presence of nanoplatelets during casting, that creates additional free volume, similarly to
what happens in the case of nanosilica-based membranes.

-The addition of a research grade of graphene (M 60) (lateral dimension 5 [Jm, thickness 2-8
nm) to PTMSP lowers slightly the gas permeability, with factors that increase with decreasing
molecule size, and enhance the ideal selectivity for the couples CO2/He and CH4/N,, CHa/He.
Such effects can be attributed to a reduction of the polymer free volume due to the presence of
nanoplatelets during solvent evaporation. The phenomenon seem to affect more the small free
volume domains than the large ones, and to enhance the vapor-selective behavior of PMTSP,
that is more permeable to large and more condensable molecules. Permeability variations are
mainly due to diffusivity changes, as it was tested with separate solubility and diffusivity
experiments on CH, and CO, which show that solubility is almost unvaried, while the
diffusivity is slightly reduced by addition of M60 to PTMSP.

- the addition of graphene IND G (lateral dimension 0.2 [Jm, thickness 2-20 nm) to PTMSP
lowers the permeability by a factor equal to about -24+-30% for all gases. The selectivity for
the couple CO,/He, CO,/N,, CO,/CHy, is enhanced with respect to pure PTMSP. Such results
may be due to a substantial reduction of free volume induced by IND G addition to PTMSP-
based membranes.

The most interesting findings are those related to the effect of filler addition on the ageing
behavior of PTMSP, which can be summarized as follows:

-Addition of GO slows down the ageing process: the initial loss of N,, CH; and CO,
permeability is reduced with respect to pure PTMSP. For CO,, also the final, equilibrium
permeability loss is mitigated by addition of GO, as verified by accelerating ageing via a
thermal treatment at 200°C. Moreover, the response of the GO-MMM to a thermal treatment

at 200°C, that partially reduces GO, is comparable or even better than that of the PTMSP
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membrane subject to the same treatment, indicating a good chemical stability of such
composite structure.

-Addition of M60 slows down the ageing process of PTMSP, reducing the permeability loss
with time for all gases. Addition of IND G, characterized by different morphology, does not
affect the ageing of PTMSP, with the exception of He permeability, that decreases more
slowly with respect to pure PTMSP .

The reduction of PTMSP ageing observed when adding GO and M60 nanoplatelets is
significantly higher than that obtained in the literature with the use of other inorganic fillers
like TiO, and MgO, even though the amount of filler added in this case is much smaller.
Therefore, GO and M60 fillers modify the relaxation time of the polymer chains, by reducing
their mobility and mitigating the ageing process. In some cases, such effect is gas-selective
and can be exploited to tune the selectivity. Therefore, we can conclude that the addition of
certain types of graphene nanoplatelets to PTMSP in small amounts is a promising strategy to
reduce ageing, without sacrificing the permeability.

Finally a feasibility study for the fabrication of innovative membranes based on poly
acrylonitrile has been done. Polymeric powders have been functionalized following two
different routes and have been analyzed by FT-IR to quantify the amount of amine groups
contained in the materials and the presence of secondary amines which lead to the creation of
lateral chains and crosslinking. Nanoporous membranes have been obtained by elecrospinning
technique and have been compacted to obtain dense sheet to be used as separation
membranes. Materials functionalized with amines, HMDA and EDA, and compacted show
facilitated transport mechanism induced by the presence of water vapor in the feed stream.
Moreover, as previously reported, a dependence on material morphology of CO, solubility

has been observed. Finally these functionalized materials still need to be optimized, but the
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approach seems promising for the development of new membranes or adsorbent materials for

CO; capture
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