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Abstract

This doctorate focused on tevelopment of dense polymeric membranes for carbon capture, mostly
in post combustion applications, and for natural gas sweetening. The work was supported by the
European Project NANOMEMunded under H2020 program.

Following the research activity, different materials have been investigasd,elyon two main
transport mechanisms: the solutidiffusion, which represent the standard transport through dense
membranes, and the facilitated transpanmtadditional mehanismthat can occur alongwith the
previous onef particularmaterials and conditions are employgdboth cases, proper nafilers

have been adddd the matrixjn order to boost the mechanical and permselective properties of the
membranes.

Facilitated transport membranes were based on the use of was polyvinylamine (PVAmM), as main
matrix with fixedsite carriers, and-Arginine as mobile carrier; the filler, used mostly as reinforcer,
was carboxymethylated nanocellulose (cNFC). Thanksgtdacilitated transport, humid test showed
interesting results, and especially the blend made of PVAmM/cNFC/Arg in weight ratio 27,5/27,5/45
crossed the Robeson @8> upper bound, representing current state of the art membranes, with a
CO, permeability 6 271 Barrer and C¢&N> selectivity of 70.

Solution diffusion membranes were based on P¥BB3 matrix which was added with three
different graphene oxide (G&pased materials, namely pristine GO, Porous Graphene Oxide (PGO)
and a GO functionalized withofyetheramine (PEAGO). All of them provided a modest but clear
increment of permeability of the Pebax matrix, from plus 2% (GO) to plus 8% (PGO), with no change
in selectivity. The gas tested with this type of composites werea@® N, for Post combustio
capture applications.

Peba®2 533 was al so chemically modif iP2®b,33mdht aihmit
fully characterized, and also wide tested in term of permeation using five gadN£OHs, Oy, and

He. Such modified material showed increment of the overall permeability of the material of a fair
10% for all gases tested, apart from helitimat increased of almost 50%.



Introduction

To counter the increment of global temperature due to anthropic emissions of greenhouse gases, first
of all carbon dioxide, an energy switch from fossil fuel to renewable sources is by now a necessity.
However, such process is extremely slow and difficaitd could take several decades to be
accomplished. In the meantime, several technologies have been developed to temporary reduce the
emi ssion problem, since nowadays fossil fuels
Capt ur e 0 afgpr@dcl) is to récover GOefore it is emitted to the atmosphere, and then store

it in safe places (Carbon Capture and Storage, CCS) or use as raw materials to create other substance
or products (Carbon Capture and Usage, CCU).

A number of Carbon Captutechnologies have been developed, one of which rely on membranes to
separate Cgfrom other gases.

Gas separation membranes technologies are widely investigated due to some extremely interesting
features, including compactness, ease of installation aimdenance, and extremely low requirement

of chemicals resulting to be particularly environmentally friendly.

This doctorate work has been carried out within a European Project called NANOREMGSe

aim was to develop novel membranes forG€parationfocusing on post combustion carbon capture
(PCC) and natural gas sweetening applications.

The University of Bologna role in the network was mainly focused on the membranes material design,
and mainly involved materials investigation, modification, blendargl characterization, all
conducted at laboratoigcale.

The Project was mostly centered on the employment of membranes based on facilitated transport
(FTM), added with nanmnaterials to improve the permeation and mechanical properties.

The facilitatedtransport material chosen were aminated to selectively carry (B® polymer
polyvinylamine and the amino acid arginine. While the filler was cellulose based: carboxymethylated
nanocellulose.

More specifically, interesting results were obtained during the first part of the Project by using
carboxymethylated nanocellulose plus arginine or polyvinylamine separately; the blend of cNFC and
PVAmM proved indeed to result in a resistant material alduighh humidity and 35°C, while the
arginine improved the permselective performances of cNFC. As a consequence;cartipeeent
approach was investigated in the present thesis. All the three components were indeed used at once,
to have both fixed and maé facilitated transport carriers, as well as the mechanical resistance given
by the carboxymethylated nanocellulose.

Permeation test were conducted in humid condition, mandatory to trigger the-lmmetw CQ
facilitated transport, at 75 and 100 RH%. Tas tested were GON2> and CH with feed pressure of

1 bar and temperature mostly 35°C, apart from a set of data at 100 RH% and 50°C.

To improve the mechanical resistance of the blend, a controlled crosslinking of PVAm started to be
investigated as well.

A second line of research, within the same NANOMBEM®oject, was started following the
collaboration with the Korean partner in Hanyang University which suggested to introduced graphene
oxide-based nandiller into Peba®2533 copolymer in order to imprents permselective properties.

With this matrix, the filler used were Graphene Oxide (GO) and other two its derivates: Porous
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Graphene Oxide (PGO) and GO functionalized with polyetheramine (PEAGO). The considered
applications for these composites was pasinbustion carbon capture, thus £and N were
employed for gas permeation experiments.

Within the doctorate, also the modificationReéba®2533 was investigated trying to further improve

its properties and possibly the compatibility with GO baslers. The Block copolymer was
successfully modified during the doctorate work, with the addition of an aromatic ring obtaining a
new materi al -PM2abnBe3do .fA Blehnizsoynew mat er i al was fu
and from the permeation point\iew using CQ, No, CHs, Oz, and He.

Pebax based materials will be referred within
do not possess any facilitated transport carrier. For this reason, they were tested for permeation in dry
conditions, as humidity should not affect their properties. The temperature and pressure were instead
the same as for the other system investigated, 35°C and 1 bar, to facilitate the comparison among the
different membranes.

Following the activity described abeythe thesis has been structured with a background chapter
which present the main information needed to understand the framework in which the doctorate
activity was included and to fully understand the different results presented. For this reason, in this
chapter the issues related to £€Missions will be recalled together with a brief overview of the
different carbon capture technologies, and a more detailed discussion of the main concepts of gas
separation membranes.

After the background, theifferent materials considered for the development of the innovative gas
separation membranes will be presented in the
different parts related to facilitated transport and the sohdiffasion membrane aterials.

In Chapter 3, all experimental protocols are carefully explained both related to membrane preparation:
polymerfiller blending, film deposition and so on, and in terms of materials characterization:
chemical and thermal analysis, gas permeatipements etc.

Then, three chaptemabout the results and discussion are presented focusing respectively on the
facilitated transport materials with nanocellulose Pebaxbased graphene oxide nanocomposites,

and the modified PebaBenzoytP2533. Lastlythe conclusions of the work are proposed.



1) Background

Initially, in this chapter carbon capture will be considered explaining why it is nowadays one of the
most interesting technology to tale the issues related to global warming. A brief overview of the
different type of carbon capture will be described tplax the reason that drove us to focus on
membrane separation.

The second part of the chapter will be then dedicated to gas separation membranes, describing the
technology, the theoretical background and the main advantage and limitation considering the
potential application to CCS

1.1 Carbon Capture

In the last decades, the rapid economic growth of developed and developing countries led to a notable
increment of the global energy request, and of the use of fossil fuels which still represent the most
employed energy sourgg,2].

As a consequence, the concentration of combustion products, especiallkeépO relentlessly
increasing: from 1850 to 201the average C{roncentration in atmosphere jumped from 280 ppm

to 380 ppm and nowadays (2020) it is about 415 [gJmThis increaseas visible in Figure 1has

been followed by an increment of the greenhouse effect (closely related togtee=s® and
consequently to an increase of temperature to level which are not suitable for the maintenance of
many existing ecosystems.

One of the most feared consequence is the increment of sea levels, directly related to temperature
rising, since it is mstly due to glaciers melting and thermal expansion ifde¥. However this is

not the only negative consequence: climate change intensifies desertifiéati@nwell as promote

the formation of cyclones and other extremely powerful and dangerous natum@ingme{vi 9] that

can cause enormous damage to both human civilization and overall ecosystem.

To avoid irreparable damages to the environment as we know it today, it is today well known that the
global worming has to be stopped possibly keeping theged¢emperature increase below 2°C from

the preindustrial age, and nowadays we already passed f&iC to + 0,2°C, thus + 0,8°C
compared to prandustrial agg10].
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This means thatan important reduction of greenhouse gases emissions needs to be obtained in a
rather short time, and many studies are analyzing the various hypothetical scenarios and projections,
[11i 15], with horizons ranging from 2030 to 2100 maximum.

Otherwise the average temperature could rise even over +2°C, as hypnotized also in the IPCC report,
with different possible scenario considered, including oneréaah about +4°C (Figure 2).

6.0 PSS S S S S S S ) [ S S Possible temperature responses in 2081-2100 to
high emission scenario RCP8.5
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Figure2: some possible temperature scenarios from IRCLC

To counter and contain this, so far, unstoppable increment of greenhouse gases (GHG) concentration,
an energy transition frono$sil fuels to renewable energies sources is considered the best option.
However, such strategy is not instantaneous nor fast at all, and for this reason carbon capture
technologies resulted to be interesting and investigated: they basically aim atmrajritee use of

fossil fuetbased processes but without emitting GHG into atmosphere, to allow, in the meantime, the
development and deployment of new renewable resctbiassd processes.

Il n this context, ACar bon Ca p eralatempt ¢f Cagcoverye ¢ h n o
from flue gas, in order to store it in sealed places preventing it to reach atmosphere, usually
underground in depleted gas or oil deposits (Carbon Capture and Storagel €&CB) or to use it

for different purposes, such as supercritical fluid extraction, chemical synthesis, food
processing/preservation, enhancing oil/gas recovery etc. (Carbon Capture and Utilizatiof18JCU).

The brawh of these processes that aim to sequestep@@uced by massive combustion located in

a specific area, such like power plants or other large plants, it is calle€®&uosiustion Carbon
Capture (PCC) and represent the most interesting approach fromdimsrial perspective as,
theoretically it does not requires modification of the existing production plants.

The other two most important approaches to carbon capture are instead @warPrestion and the
Oxy-Combustior[19,20], all these three main processes are schematized in Figure 3:
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Figure3: Process scheme of Poftre, and OxyCombustiorj21]

As shown into the scheme, in pastmbustion carbon dioxide is recoverédhe end of the process,

since it is one of the main byproducts of the last part, the combustion to gain g#rdn this

concern the key separation is the one related to thgNz@ixture since nitrogen is the most
abundant inert flue gas. High selectivity and productivity are usually requested froapénaton
technology due to the high flowrate to be treated and to the lonc@®@ent of the initial streams, as
visible in Table 1 and 2 below.

In precombustion, the goal is to avoid the production ok @Qhe main combustion system, so that

the CQ is usually separated prior to the furnace after a gasifier/water gas shift reactor has been used
to obtain pure hydrog€23]. In this case C&is usually a byproduct of the water gas shift aimed to
produce more hydrogen from syngas (CO asytitough the typical following reaction:

006 606P 'O 60 YO 1pQa¢

The separation is therefore based on the/Bfmixture and is usually easier than post combustion

due to lower flowrate and lowztondensability. The process howeWas, in this case, to be adapted

to be run with hydrogen as fuel thus requesting changes in its structure and equipment.

In oxy-combustion the gases key separation factoriblDsince the aim of this process is to burn

fuels with nearly purexygen, usually separated from gld]. The main purpose for using ckyel
combustion is to generate flue gas with very high concentrations pad@Dwater vapor, making it
possible to separate or capture the@@m the flue gas purely by lotemperature dehydration and
desulfurization processes. Also in this case, however, changes in the combustion process have to be



considered as the removalmfrogen highly increases the combustion temperature if no other inert

is introduced.

Tablel: Flue from some typical industrial procesi&s

; Iron blast Cement
Components | Pre- combustion 3
Post combustion Furnace Production —
CO, 10 — 35 mol% 12 — 14 vol% 20 vol% 14 - 33 vol%
SOy - 1000 — 5000 ppm - 0 - 150 ppm
NO« - 100 — 500 ppm - 0 - 150 ppm
(6(0) 300 — 4000 ppm ~ 10 ppm 22 vol% 0-130 ppm
H,S 500 — 1000 ppm - 0 -5000 ppm -
H, ~ 20 vol% - 4 vol% -
0.03-0.6 vol% 4-6 vol%
0,
Water Saturated Saturated 4 vol% 12.8 vol%
Table2: Flue from some typical industrial unigs]
Stream sources CO, concentration Pressure CO,, partial
%vol (dry) range pressure (bar)
Gas turbines 3—4 Atmospheric 0.03—0.04
Fired boilers of oil refinery 8 “ 0.08
and petrochemical plant
Natural gas fired boiler 7—10 . 0.07-0.10
Oil fired boilers 11-13 “ 0.11-0.13
Coal fired boilers 12—-14 “ 0.12-0.14
IGCC after combustion 12—-14 " 0.12—-0.14
Blast furnace (after 27 “ 0.27
combustion)
Cement process 14-33 * 0.14—-0.33

Going in detail into the C&separation unist, there is a number of promising CC technologies, and
the most investigated are the following:

1 Solvent Absorption: It consist in absorbing £an aminebased solvent, typically examples
are monoethanolamine (MEA) or diethanolamine (DEA), and successively regenerate it in a
stripping column, obtaining in this way a efow that can be sent to storage or us@Je28]

1 Adsorption: the main principle is similar to the absorption, but in this casesCdsorbed
on the surface of proper solid materials, usually zeolites, cdrhsed or properly
functionalized compoundg9,30]

1 Membrare Separation: it is a technology based on selective permeation through-a semi
permeable barrier, in order to separate @am other gase1,32]

1 Cryogenic Separation: it consists in frost £30lid at very low temperatures, usually20 to
-140°C,in order to separate it in such solid form and then gadiB3iB4]

9



1 Mineralization: it consists in turning G@ solid in carbonates form (CaGM1gCQCs, FeCQ
€) through c h[856lc al reactions

Among the different approaches, nowadays the most solid and employed technique is the Solvent
Absorption, while the others are mostly in R&D or pilot development, at more or less advanced stages
[31,32,37]

As already mentioned, most of carbon technology require a further step after the separation: the
obtained CQ@indeed has to be used in other processes or safely stored. While the former option
basical ly i cdnusingmassaaewtramateri& i@ view of the creation of a new type

of carbon cycle, the latter aim to trap and keep Gidfined for a long period to avoid its dispersion

in the atmosphere. The most common stoking places, in this case are depleted gas or oil deposits,
carbonsites where the extraction is no longer economically viable, or aquifers containing salty water.

It has to be noted that also the research of suitable storage sites is currently very active as well as the
whole storage process which include often alsdrdnesport and the compression of captured¢.CO

In general geological storage requires a very efficient gas confinement which has to last for centuries
or even millenniums; a leak of just 0,1 % per year would invalidate the CCS efficiency regarding
globd temperature contrgB8].

A scheme of CCS and CCU for post combustion applications is displayed in Figure 4.

Flue Gas

ir —— co

Alf Combustion Particulate Sulfur 2
> > Capture

Process Removal Removal
Fuel — Process
'—————— Ashes :Icompression
(ccu)

|

* Enhanched Oil Recovery

* Supercritical Fluid Q
¢ Chemical Synthesis -
* Food processing
CO, Storage

Figure4: Generic PCC scheme with CCU/CCS options

Since therecovery of CQfrom flue gas usually does not provide any direct economic bgaefit

41], such technologies are often used also in other more convenient processes, such as the natura
gas sweetang [42i 44]. Along with natural methane, indeed, different quantities of acid gases like
CO; and HS are always present and they havedaemoved in order to make the gas suitable for
being distributed and used. In this approach therefore the useo$ep@ration techniques may
generate direct revenues, thus making the application more appealing. The availability of data from
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industrialapplications and possibly the reduction of the implementation costs indeed can pave the
street towards the application also in the less convenient processes such as Carbon Capture.

In both flue gas and natural gas £®moval, the features that make meanies interesting for the

gas separation process are the same: low capital and installation costs, low environmental impact due
to low chemical usage and disposal, facile installation and maintenance, high modification and
tunability potential to improveheir performances and/or attenuate their drawbacks. While the main
shortcuts are usually related to plasticization and aging processes that tends to limit their
performances, to limited thermal and chemicals stability which decrease their operative,|iéetim

more in general to the poor balance between permeability and selectivity, the main performance
parameters of membrane separation, that usually follow opposite trends (rising selectivity decreases
permeability and vice versa. A better analysis of mh&in features of the membranes for gas
separation a more detailed explanation of this technology will be discussed in tdhaptarl.2.

Gas Separation Membranes: Features and Challenges

By the membrane material design point of view, so far,gteatest efforts have regarded the
improvement of the permselective performances, since it is the very base requirement to build an
effective process.

The main challenge here is represented by the typical trend of permeability versus selectivity in
membraes (dense and not), where usually when one rise, the other decrease, and vice versa, and suct
intrinsic |imitation is explicated with the R
CQ; vs selectivity of this gas with another one (es2B8@or CO/CHya),

11



1.2 Membranes for Gas Separation

Membranebased separation technologies are those processes where the mixture of two or more
compounds is separated by a s@@imeable barrier into a permeate and retentate flow. In such
process, the most permeable species concentrate into permeate stream, while the less permeable
cannot easily cross the membrane and concentrate into retentate stream (see figure 5).

) Retentate
Feed mixture (reject, concentrate,
residue)

Vembrane \
— = \> =

Permeate

Sweep
(optional)

Figure5: Typical gas separation membrane stied45]

In the last decades, membranes for gas separation is getting more and more interesting due to certain
key feature of this technology: low environmental impact due to the vestural absence of chemicals to
carry one the separation, low capital cost and loarggn consumption and maintenance costs (as
there is not needs to regenerate the sorbent), great compactness and modularity which facilitate the
operation in confined spaces and remote location and allow to have high flexibility in operation as
well as easynd fast installation/uninstallatiof25,26,46]

Of course there also several possible drawbacks which have up to now prevented the wide spread use
of membranes in many field, this are mainly related membrane matéenékions such as for
example the plasticization and the agpmgcesseft7,48]that tends to limit their performances, the
limited mechanical, thermal and chemicals stability which dea¢heir operative lifetim@9,50],

and more in general the somewhat limited separation performances (with respect to other
technologies) which makemembranes usually not convenient for separation processes where the
feed is already extremely diluted or if a very high grade purification is needed, as in these case they
are not generally able to operate with high efficiency and low §o%}s To better understand the
characteristic feature of this technology a brief description of the main parameters and transport
mechanisms are given below.

1.2.1 Gas Separation Membranes Base Concepts

To perform the separation of interest, membragks/ on a driving force pushing the process which
usually obtained t hr oug hp)gradliantaeross theenteinlomame itéeteG) o
gas separation processes, then, the driving force is often a pressure gradient, and the flow through the
membrane of the compoundan be described by Equation 1:
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0 —— O (1)

WhereJ; is thespecificflow of the compound across the membrariej s t he membr aneo:
Pi is thepermeability of the compounidfor that specific membraneg; is the gradient of partial
pressure of between the two sides of the membrane (upstream and downsteeaim) is the
permeance of the compouind

The Permeabilityindicates the flowthrough the membrangith a certain known thicknesger unit

of surface and driving force, and is the most employed parameter to describe the potential properties
of a membrane material. With the proper experimental condition, indeed, the ability aéra giv
membrane to obtain separation is related to the different permeability of the species present in the
feed. Per meability, for gas separation membr ¢
proposed in honor drichard Maling Barref52,53], as shown in Equationanhd 3

Permeability is basically a material property and for this reason it is mainly used to describe the
potentiality of materials to carry on a certain type of separation.

Whenthe membrane efficiency is of interest, however, another quantity is ofterthesBdrmeance

(* ), whichrepresent the actual flotiirough the membranger unit of surface and driving force
without taking into account the thickness parameter aflalls,Permeance mostly used to describe

the real flow through the overdihal membrane, which is usually compdds many different layers

and cannot be described by a single permeabi
Per me an ¢GPU)ldnshdwn in Equation 4 and 5.

The final parameter which often appears in the study of membrane separation is firisdiethieity
(also called as fiseparation factoro) that ind
membaneds separation capability (Equation 6).
Frequently, gas permeation experiments are carried out testing one gas at time. In these cases, the
Ideal Selectivitys calculated afterwards, from the ratio of the two permeabilities obtained separately
(Equation?).

0 Qi 6 QOGN Bss  —— @)
0 Qi & Q6@ Qe —— Op 1 3)
0 Qi 6 QEYH— — (4)
0 Qi &' QoW o: Jp T (5)
YR Qb0 RL R ©6)
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The just exposedefinitions represent the basic performance parameters of the field and are generally
given for all the different types of membrane which in general can be described and classified in
many ways considering their structure, geometry, composition and séigare 6 present some of

the possible classification parameters.

Membrane classification

|
| | | |
Transport
mechanism

s B —— I B —

Hollow || Flat
fiber || sheet

[ 1 l'_l—l J lJ

Nature Structure Geometry

Syntheyic| | Biological | |Symmetric|| Asymmetric|| Tubular Dense | |Porous

: ¢ Integral 2 Solution- i
Inorganic Organic gral Composite e Facilitated
Asymmetric Diffusion
Ceramic, metallic,carbon,zeolite,glass,etc Knudsen diffusion, molecular sieving,selective surface flow etc.

Figure6: Membrane Classification Paramet§bd]

Referring to Figure 6, the membranes can therefore be desbyilwehsidering their:

1 Nature which is the source (synthetic/biological) and chemical type of the material
(organic/inorganic). Organic (polymeric) membranes have the great advantage of being
cheaper and with a more feasible processability compare todiganic ones.

1 Structure that is how the membrane is structured, e.qg. if it has the same structure organization
on both sides (symmetric) or it changes through the perpendicular axe, in term both structure
and porosity of the same material (integral aswmim) or made of different layer
(composite). Both industrially and in laboratory scale, membranes are usually asymmetric
composite, since a support layer for the selective one is always needed. However, at laboratory
scale it is also thick sefftandingmembranes are tested to have a clear view of the materials
properties.

1 Geometry it is basically the shape of the membrane, the most common being flat sheet,
tubular and hollow fiber membranes. Flat sheet membranes are the most simple to be prepared
for pameation tests at labcale.

1 Transport mechanisnis the mechanism through which the gas can cross the membrane, and
it depend by its physical structure. For porous (or in the case of gas separationpnmarm
porous) membranes the mechanism is dotathy molecular sieving or knudsen diffusion,
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where the pores act as sieve. For dense membranes (without pores) the transport is called
solutiondiffusion, where the gases get solubilized inside the material and then diffuse through
it. Facilitated transprt is a possible additional mechanism of transport for dense membranes,
where a target molecule is carried selecti

Usually, the porous membranes have higher permeability but lower selectivity, while the dense
have higher selectivity and lower permeability. For the sake of clarity, all the different transport
mechanisms which can happen within a membrane have beerbcitasthce in this work only
dense membranes have been investigated, only sclliffosion and facilitated transport
mechanism will be taken into account in more details.

Lastly, to their outstanding impact in gas separation membranes fieldjghtéul to introduce the
concept of Mixed Matrix Membranes (MMM). With the MMM approaaliense polymeric matrix
is filled with organic or inorganic fillersthat are capable db exhibit highly efficient separation
performances often throudie porous mechanism explained befolgaining a final membrane that
virtually possess both advantages provided from the dense polymdrerarttie sieving fillers.
Such concept will be deeper discussed in Section 1.2.4.

1.2.2 Solution Diffusion

Densepolymeric membranes usually rely on solution diffusion mechanism of transport, which occurs
in 5main step$55], schematized in Figure 7:
1) The compounds in the feed diffuse to the upstream surface of the membrane;
2) Then they solubilize into the membraneds m
3) Once absorbed, they diffuse through the membrane, reaching the downstream side;
4) They desorlfrom the downstream surface of the membrane;
5) Lastly, they diffuse to the permeate flow.

O Feed
. ® o
® ® O
O ® O o . o Pi feed Ci feed=P; feed/Kni
Ci,feed =Pi,faedKi
° O ° ®
|. P O ji=Di‘ci,feed‘Ci,germ)
. L
® ®
™
Cl,perm Ci,perm=pi,perm/KH,i
Permeate Phsaia =P feedKi
® b ® 4
. o a Ji=KiDi(Pi feed-Piperm

L

Figure7: SolutionDiffusion Schemi26]
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As a consequence of the mechanism just explained, it results clear that the flow across the membrane
(in term of permeability) made of a given material is related to both its Solubility (coefficient S), and

its Diffusivity, (coefficient D), and results toe the product of these two quantities as reported in
Equation §26,55,56]

0 "YOO (8)

This result comes directly from the knowledge the basics ruled governing sorption and diffusion. On
one si de, due to | ow gas condensability, soluwu
law so that, for a given temperature, the amount ofbdaded gas per unit of polymer volume is
proportional to the partial pressure of gas in equilibrium with it, as shown in Equation 9, which also
represent the definition of the Solubility coefficient.

&6 — oYy ©)

WhereC; is the oncentration of the compoundolubilized pi is its partial pressurélii s t he Henr
constant.

The diffusive process, on the other side, 1is
case of flat membranes with diffusion coeffici@ytcan be written as showed in Equation 10:

. 0%
v ——— (10)

WhereaCi is the concentration gradient through the membrane, with thickness
Substituting the Equation 9 into Equation 10, Equation 11 is obtained:

, 2 ¥
§] _— (11)

Which by comparison with equation 1 directly gives the results in Eq. 8.
Similar considerations can be done also regarding the ideal selectivity previously discussed, which
can be divided in a sorption and a diffusion part as shown in Equation

'n — —9—= 1 3 (12)

where b, is the diffusion selectivity, mainly related to the kinetic parameters governing the gas

molecule mobility inside the membrane, alaﬂepresent the solubility selectivity a thermodynamic
parameter, related to the ability of gas to desolve inside tgenpdt membrane.

In general, therefore, permeability can be improved by increasing the diffusion speed (which usually
scale with the kinetic diameter of the molecules) and increasing the selectivity (often related to gas
condensability). Unfortunately, meneral, in solution diffusion membranes every attempt to increase
in permeability also bring a decrease ipotsele
were an experimentally determined upper bound is clearly visible, that ctivgaimost promising
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membranes for the separation of aspecific couple of5dsSince in this doctorate, separation of
carbon dioxide and methane was mostly invest.i
the CO/N2 and CQ/CHssystems.

1000 —

100 et

CO_/N
2" :2
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iiil il i
0 10* 0.0001 0.01 1 100 104
P(COZ) Barrers P(COz) Barrers

0.0001 0.01

Figure8: Robeson Plot for G (left) and C@CH; (right) [57]

The upper bounds displayed in Figure 8 were obtained in 2008, while the previous ones, obtained in
1991, were lower in both selectivity and permeability. The upper bounds are indeed updated regularly
with the development of nematerialg[58], showing that the effort made during the years actually
works to improve the overall permselective properties of membranes.

For this reasn, despite this limitation solution diffusion membranes are by far the most used in real
applications and are of great importance in many different types of processes well beyond the gas
separation. For additional information, in this concern the inetestaders can refers to the many
work available in the open literature such as for example the work from Khalilpour et al. who provided
a fine review about transport mechanisms in dense memb@giesr that of Wijmans and Baker

[55] that present a deeper discussion of solution diffusion model for different types of membrane
separation processes.

1.2.3 Facilitated Transport Membranes(FTM)

Facilitated transport (dense) membranes, along with the already mentioned sdiftigion
transport, possess also an additional transport mechanism based on the presence of a selective carrie
inside the membrane. This type of transpodeed relies on a chemically selective and reversible
bond between the target compound (in thiscas§ COand t he carriero6s mol
transport across the membranes.

Such approach very high potentiality in view of membrane performamm®vements, due to the

fact that with the proper carriers it is virtually possible to highly improve both permeability of the
target compound and its selectivity towards o
direction.
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Moreover, FTM campossibly grant economic advantages, since facilitated transport is usually active
already at low pressure so that it eliminates the need of an important upstream compression to have
a sufficient pressure gradient across the membrane.

By the strict chemidaoint of view, this is a mechanism already widely present in nature: for example
ionophores that bound certain ions and make them cross cellular membranes, hemoglobin that bound
and carry selectively oxygen, and many other composetistive and carryrpteins are basically

all examples of facilitated transport.

The aim in R&D is to mimic such mechanism in order to create extremely selective separation
processes, to separate e.g. metal [8F olefin/paraffin[60], or gas separation.

The latter approach has already been investigated with success in lit¢2&di@6167] and
especially Prof. Winston Ho group reached interesting high performances and develop level and
already starting the scalg [68i 70], proving that such approach hashpgptential and it is totally

worth to be investigated, studied and improved. Even if very appealing, indeed, most FTM are still
far from industrial deployment as they still present some limitation often related to resistance and
stability.

Technically peaking the FTMs can be divided in two main groups based on the Carrier mobility; we
have indeed:

- Mobile Carrier membraneswvhere the carrier is not fixed, represented by a low molecular
weight molecule that can move freely into the polyrbackbone, bonding the target
compound and carrying it through the membrane until the permeate side, where it is released.

- Fixed Carrier membranesvhere the carrier is fixed, a part of the matrix itself, and the target
compound react or interact locallyoiing and jumping through the reactive sites of the
carrier until reaching the permeate side.

In general, these two types of FTM represents the two limits of the-dfa@sisting among the
membrane stability and the membrane performances. Mobilersarrgeed have higher ability to
transport the target molecules across the membrane, but being mobile they can also leak from the
membranes thus causing a deterioration of its separation performances. Fixed carrier on the other
hand are more stable, butgeneral less able to facilitate the target molecule diffusion.

Whichever the carrier type may be, then, FTM transport performances are affected by target
compound concentration into the feed stream, especially if the concentration is high enough to
satuat e al | the reactive sites. This fAcarrier s
selectivity and/or permeability of the membrane. Such behavior is caused by the decrement in
concentration gradient inside the membrane, that become basidbllgdturated from the target
molecule.

Amine-Based CQ Facilitated Transport

FTM membranes have been considered for post combustion as the operative conditions result to be
very favorable for their application; the feed pressure are low indeed a@Dth@oncentration is

limited as well as already shown low as well as already shown in Table 1 and 2 reported in section
1.1.In addition, the peculiar acidic character of CO2 can be easily exploited to bound it to selected
carrier.
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Among the manyossible choices, amines are in general the most employed compounds, for CO
removal, due to their basic nature which allows easy interaction with the acidic one of the carbon
dioxide.

Indeed, also in the field of solvent absorption technology, the soleemibyed to absorb GQire

often aminebased: some common examples are Monoethanolamine (MEA), the secondary amine
Diethanolamine (DEA) and the tertiary amine Methyldiethanolamine (MOERY 2]

For similar reasons, also in membranes technology amines are one of the most employed compounds
to generate FTM, where the most common fixed sites material is Polyvinylamine (PVAm) neat or
with modifications or additions, buwlso other aminated polymers like polyallylamine (PAA) or
chitosan; while for mobile carriers amino acids are withdrawing great att¢R%i#1,62,73,74]

Also in NANOMEMCGC? Project the facilitated transport materials chosen fop &paration were
aminecontaining materials, used as both fixed and mobile carrier. In particular the fixed carrier was
PVAmM, which possess on of the highest concentration of primary amines among the polymers, while
for the mobile carrier Arginine amino idcwas chosen, that possesses both a primary amine and a
guanidine group. A better description of these materials will be given in the next chapter.

The main possible reaction mechanisms that can occur within an amine based FTM membrane in
presence of C&Xollow two pathways, the bicarbonate and carbamate ones:

Bicarbonate Mechanisifschematized in Figure 9)

CO;+HO Y .CBs (13)
HoCOs + NH Y  H G @ NHs* (14)
HCOs + NHs* Y $COs + NH; (15)
H.COsY C® H0 (16)

Fromwhich, simplifying, the following reversible reaction is obtained:

COz + H0 + NHz# HCOs + NHs' (17)
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Figure9: Aminebased C@FTMc Bicarbonate mechanism

Carbamate Mechanisigschematized in Figure 10

COz + R-NHz§ R-NH2*-COO (18)
R-NH,*-COO + R-NHz# R-NH-COO + R-NH3"* (19)

From which, simplifying, the following reversible reaction is obtained:

2RNH2+ CO: ¥ R-NH-COO + R-NH3* (20)
Feed Permeate
Side Side
NH: 'NH: — ,N@ NH:
’-._‘ B i ]
CO2 —|— CO: CO2 —— CO: — CO:2
N2 -} Only by Diffusion  ~—-======= == » N

Figurel0: Aminebased C@FTM¢ Bicarbonate mechanism

20



The main difference between the two mechanisms, is that the bicarbonate one (Equations 13
requires water to occur and allows a stoichiometrically doubleup@ke compare to the carbamate:

this latter indeed, as shown lHyuations 180, to transport one GOnolecule has to employ two
reactive sites, while in the bicarbonate path only one at time. As a consequence, the humid bicarbonate
mechanism resulted the most employed for these systems.

Moreover, in this case it hagén proved that the water activity plays a key role in permselective
performances, since both ¢@ermeability and C&N. selectivity increment with the relative
humidity of the system during the test, further confirmation of humid mechanism efficiency
[62,63,75 77].

By the pH point of view, instead, since that chemical state (protonation) of amine group vary based
on acidity or basicity of the solution, considering foBowing Equations 21 and 22, It is good
protocol to maintain an alkaline pH during the PVAm preparation, in order to favor the neutral form
R-NH», able to carry the reaction with water and Cfd thus trigger the facilitated transport
previously explaied.

R-NH2+ H' Y RIHs" (21)
R-NHs" + OH' Y  fRIH; + H,0 (22)

As already mentioned, in this case the carrier itself is able to bond the target and drag it through the
membrane, and herex@ is useful not only for triggering the hunmeaction with CQ, but also to

promote the mobile carrier diffusion as well.

It has to be noted however that humidity, in general, also present possible drawbacks: in hydrophilic
polymers, PVAm included, the increment of water intake may cause also tiagwkpolymeric

chains reducing its mechanical stability. As a consequence, compromise needs to be reached betweer
humidity (that is performances) and mechanical strength (that is stability). The latter is usually
improved and controlled by making thgusture more rigid and resistant through crosslinking
reactiong78i 80] or the addition of selected reinforcing filld&3,81 86].

1.2.4 Mixed Matrix Membranes (MMM )

Composites and narmbmpositesare a particular class of materials where two (or more) different
components are blended in order to enhance the property of one (or more) of them. Common
examples are ) increasing the mechanical properties of a certain polymeric matrix, continugus phase
by adding a proper dispersed phase filler or Il) making more processable a material (usually
inorganic), which would not be able to form a continuous phase by itself, by coupling it with a proper
compound (usually a polymer) that could represent the glucompatibilizer matrix that hold
together the whole structuf&7,88]

Nanocomposites among the different type of composite have become very popular also in the field
of gas separation membranes which in this case areof r e f Mixed Mattix Membranes

(MMM).

Il n MMM, the additional filler may have differ
mechanical structure, e.g. countering swelling, aging and other physical or chemical phenomena that
can compomise its performances. Or it can increase the permselective performances of the

membrane itself, as highly permselective fillers existgly as zeolites or MOB9i 94]) which are
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very difficult to be processed as films but can be embedded into a polymeric matrix which provides
structural stability to the material. Sometimesftler can both increment mechanical stability of the
matrix as well as its permselective properties.

A number of reviews is already present in literature about the interesting results obtained by this
approach, in term of permselective improvements, with both organic and inorganid¢9tiet80],

and to make a summary it is possible to say that the main trend is to employ a proper polymer as
continuous phase, and addifillers with at least one dimension of nasuale size, possibly with a

good dispersion, in order to have great Surface/Volume ratio and to be able to prepare thin
membranes.

Both matrix and fillers are usually chosen based on their potential gas [emtiaseproperties, for
example adding highly selective filler into a highly permeable matrix, in order to boost both best
features of both component and trying to overcome the Robeson upper bouagample loading

a porous sieving selective fiflento a solutiordiffusion continuous polymeric matrix.

A general scheme of Pros/Cons of polymeric membranes vs MMM is shown in Table 3:

Table3: Main Differences between Polymeric only and MiMedrix Membranes

Membrane Type Advantages Disadvantages
- Easy synthesis and fabrication - Low chemical and thermal stability
- Good mechanical stability - Plasticization
- Easy for upscaling and making variations| - Pore size not controllable
Polymeric module form - Follows the tradeff of Permeability ano

- Separation mechanism: Solution diffusion | Selectivity
- Eventual additional Facilitatedlransport

mechanism

- Enhanced mechanical and thermal stability - Brittle at Hgh fraction of fillers

- Reduced plasticization - Chemical and thermal stability depends

- compacting at high pressure the polymeric matrix

- Potentially surpass the tradéf between| - Not all combination MatrixFiller are
Mixed Matrix | permeability and selectivity feasible due to possible compatibility issue

- Enhanced separation performance over ng
polymeric membranes
- Separation followed by the combing
polymeric and fillerbased principle

When designing an MMM, the main technical concerns, apart from choosing tivednésnation of
matrix and filler in term of permselective properties, are usually two:

1 Compatibility matrixfiller

1 Filler dispersion
These two issues are often bonded, since if t
between thdiller and the hosting matrix, the former tends to aggregate forming agglomerates
sometimes big enough to be clearly visible at naked eye, resulting in an extremely bad shaped
heterogeneous membrane.
Such phase segregation is also affected by the typeeofbnane preparation: the faster the
evaporation (or phase inversion) is, the lesser these phenomena will create troubles, even if the best
way is always to find proper compatible filaratrix materials, in order to not have any sort of
problems during thenanufacturing phase.
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The compatibilization is by now well known in MMM field, and there are plenty of works that study
the interaction of fillers with matrix and their interfad8%,97,99,100] that can produce different
effects: the correct adhesion of the two different materials, the creation of interfacial voids, the
obstruction of the micrdnancpores of the filler, or just the already cited pdaegregation that lead

to preferential pathways into the membrane.

Thus, to avoid or eliminate such morphological problems, an accurate choice of the materials and an
adequate design of the membrane preparation process are mandatory.

As a title of examle, in Figure 11 are displayed two membranes made of the very same materials
and concentrations, Pebax and Graphene Oxide, but obtained through different blending processes:
in the one on the left it is possible to notice a very clear segregation betfatierGO, while in the

one on the right the distribution of filler is extremely homogenous (the only visible imperfections are
just bubbles of air, that may occur sometimes in solvent casting).

e
Figurell: example of twasolvent casting membranes made of the same materials and concentrations @88axand Graphene
Oxide) but obtained through different blending proceg464].

Within NANOMEMC? Project, and in this PhD work, MMM technology have been the core approach
to prepare C@ separating membranes, employing naoale filers belonging to two different
compound classes: Cellulebased nanomaterials, and Graphene Oxide based nanomaterials.
Details about materials used will be discussed in Chapter 2, while the blending technologies will be
presented in Chapter 3.
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2) Materials

This Chapter is divided in two main sections: the first, 2.1, where facilitated transport materials along
with the nanefiller used will be described. In 2.2 instead will be discussed the soldifimsion

matrix made of Peb&2533, itsmodification and the GDased materials used as fillers.

A number ofsolvents and reagents have been used during the work, and where not directly specified
in the thesis, they were purchased from Sigma Aldrich and used without any further purification or
processing. The Deionized (DI) water used had conductivity of 12¢huS

While the gas used for permeation tests {GCHs, Oz, N2, He) were chromatographic grade with
99.995 to 99,9999% purity.

2.1 Facilitated Transport Materials

In this section the main materials employed in the production and testing of tedilitansport
membranes will be described. Both the FTM carriers, Polyvinylamine and Arginine, will be presented
and considered together with the nditler employed in the membrane production, that is carboxy
methylated nanocellulose.

The gas permeatioof these materials included mostly single gas test carried out withNe@nd

CHa, at 35°C and 1 bar upstream, at high controlled humidity, 75 and 100 RH%.

Some high humidity tests have been conducted at 50°C as well, to investigate the change in
permsetctive performances and the mechanical stability of the materials at higher temperatures.
Within the NANOMEMGQ Project, such filler has been widely employed especially by PhD Davide
Venturi, obtaining interesting results in mechanical stability and permeation performances, mixing it
with PVAm and Arginine, separatel§1,62,77] In this work, therefore, a threa®mponent approach

has been investigated, by using all these three materials at once.

The matrix blend cNFC and PVAm proved be a material very resistant also at highthamdli

35°C, while the arginine improved the permselective performances of cNFC, thus, the aim of this
work was to exploit both the blend resistance and fixed carrier performances of PVAm plus cNFC,
and also the increase of performances provided by théenwalorier Arginine.

For the matrix blend, three different weight ratios of PVAmM/cNFC have been attempted: 20/80, 35/65
and 50/50, where the 50/50 resulted to be the most homogeneous and stable; it was therefore choser
for subsequent analysis. Twidfdrent amounts of arginine have been added and tested: 25 wt% and
45 wt%. The considered membrane therefore has an overall compasit®n5/37.5/25 and
27.5/27.5/45 respectively.

The properties and features of these materials will be discussieel fiollowing paragraphs, while

the blending protocols are discusse&ettion3.1.2

Lastly, to mechanically reinforce even further the membranes, especially for high temperature
applications, a homogeneous and controlled crosslinking of PVAmM with agllgaiyde was
investigated, obtaining some interesting preliminary results. Such crosslinking protocol is described
in Section3.1.6
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2.1.1 PolyVinylAmine (PVAmM)

PVAmM (Figure 12 was the material chosen as FTM matrix in this work due texiiemely high
primary amine content, that can trigger the facilitated transport previously explained.
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Figurel2: Chemical structure of (neutral) PVAmM
| t consists in a |iner weak cation polyelect

conditions (Equation 21), and the charge density is function of the pH as estimated by Annenkov et.
Al. [102] and shown irFigure 13
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Figurel3: PVAm protonation trend function oHp[102].
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Consequently, along with the protonation, also the morphological conformation of the polymer chains
themselves change as well (Figure 14):

1 At very basic pH levels there are basically no protonated amine groups, resulting in a low
ionic force along the chain, with the structure that tend to the random coil shape, helped by
the possibility of making hydrogen bonds intaad interchain.

1 Atvery acid pH levels, the structure is saturated by protonated amine groups, thus with a high
cationic force along the whole chain, that now repel itself by electrostatic repulsion,
favoriting a linear conformation.

1 At intermediate pH values some amine groups are protonated, while others not, and the
charge density (and conformation) is function of thegnration degree: with the rising of
NHs" groups the cationic force will increase as well as the linear conformation tendency, vice
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versa cationic force will decrease with the increment of nettiidp favoring to a random
coil conformation103].

pH<7 pH~7 pH>7

Figurel4: PVAm conformation based on fH3]

Polyvinylamine is soluble in highly polar solvents, thus, for the storage it is usually kept in water,

due to its cheapness and safety.
About reactivity, neutral PVAm is a primary amine with two electrons on nitrogerabiatb react

with many electrophile groups, and to chelate metals behaving as Lewis base.
As a consequence, the possibility of chemical functionalization and modification are a lot, some of

them are displayed in Figure 15 from the comprehensive studpsfHenidt[104]:
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Figurel5: Examples of PVAm reactions

Polyvinylamine cannot be synthesized directly by the monomer vinylamine, since it undergoes to
tautomerization, forming the imine end hindering the polymerization process, as shown in Figure 16:
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Fgure 16: Vinylamine tautomerization

It is therefore necessary to employ different strategies, starting with another polymer that can
successively being converted to PVAm. The most common process exploits the synthesis of N
Vinylf ormammide (NVF), through condensation of acetaldehyde and formamide, followed by
catalytic isomerization of the so formed ethylformamide.

Once obtained, NVF is used as monomer to perform a radical polymerization using azo compounds
in oils or water as iniators, generating the PeN-vinylformamide (PNVF).

Such polymer undergoes to hydrolysis, obtaining as final product: the Polyvinylamine.

The hydrolysis step can be carried out in acid or basic conditions:

- Basic hydrolysis has higher conversion yieldselto 100%; but, as a drawback, it generates
the byproduct sodium formate, a salt, that need an additional purification step (e.g. dialysis,
ultrafiltrationé) to be removed.

- Acid hydrolysis has lower maximum conversion, around 80%, and generate methtdforma
as byproduct, removable by distillation.

The above described synthesis and polymerization processes are schematized in Figure 17 and 18
below:
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Figurel7: monomer NVF synthesis scheh@3]
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Figurel8 PVAm synthesis schelfi®3]

PVAm is today a commercial polymer, employed in different fields. For instance it is used to increase
paper 0s [1G5106]emig liglid separation field, e.g. heavy metals removal from water,
including mercury(ll), or nanofiltratiofl07i 112]. In the last years it has attracted even more interest

in facilitated transport membranes for gas ¢C&&eparation.

The first most notorious workesulted in a paper, was carried by Hagg et al. in 2008, then such
polymer started to be employed rnodifferent groups. As an example, the already mentioned
Professor Ho and his group obtained extremely interesting results by using PVAm and other amine
based material§67,75,114,115] but there are many different groups that started to realize the
potential of this polymedue to both permselective properties and material versatility for blending,
modification etc[65,67,76,116121].

Moreover, PVAm is soluble and workable in water, which lead to interestinggealessibility
thanks to its low cost and safetyanagement, for these reasons PVAmM has been picked as the main
facilitated transport matrix in NANOMEMEProject.

For our group, the source of PVAm was the commercial product Luf8698, produced and
commercialized by BASF s.r.l., that kindiyrovided us enough material to carry out all our
experiments.

LupamirP9095 consists in an aqueous solution of a copolymer made of polyvinylamine and
polyvinyl formamide at high mol ecul ar weight
90%, whichrepresent the relatively amount of amine groups in respect of formamide ones.

Solid content is about 22 wt%, which includes both copolymer and salt, and the remaini&@ 78

wt% is all wate122,123]

Its very high hydrolysis degree indicates that the reaction protocol involved the basic hydrolysis as
final step, as previously explained, leading to the formation of the byproduct sodium formate, a salt
which isstill present into raw Lupamf®095 product.

In this way, a purification protocol has been carried out to remove such component, which will be
discussed irbection3.1.1[63], because the relatively high amount of salt would influence too much
the final membranes, making them more brittle and prone to excessiveswating.

Lastly, for brevity sake, even if the copolymer contains a small amount of formamide groups, about
5 wt%, in this work it will be always called just Polyvinylamine or PVAmM.

A photo and physical characteristic of the product Lup&88085 aralisplayed in Figure 19.
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pH=79
App. Viscosity =500-2500 mPa*s
Density = 1,08 g/cm’®

Lupamin 9095 Composition

Figurel9: Lupami@2095

2.1.2 NanoFibrillated Cellulose (NFC) and Carboxymethylated Nanocellulose
(cNFC)

Cellulose is a natural linear polymer, the most abundant and surely one of the most important
polysaccharides present in nature. It is formed by3WD molecules of glucose bonded together by

b (-4) glycosidic bonds and represents one of the basicustalicnits of plants, including algae and
tunicates as well as certain bacteria. It is renewable, biodegradable, and nontoxic, and is the most
prominent nanostructured component occurring in wood, cotton, hemp, flax, and othdragkat

materials. Celld s eds struct #iguee20.s di spl ayed in
OH OH
HO
10 0. O B
O
" OH
OH
- -n

Figure20: Cellulose chemical structure

Cellulose is organized in microfibrils kept together by hydrogen bonds, and such microfibrils are in
turn organized in fibrils anfibers, which representthemaegsot r uct ur e f or t he pl
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When cellulosecontaining materialsare treated in proper way$ibrils and nanofibrils can be
extracted in nangcale dimension structures, which represenNéeocellulose.
A scheme of the structures from the plant to the cellulose molecules is displayed in Figure 21.

Plant cell Macro fibrils Micro fibrils  Cellulose molecules

100 pm 10 pm 1 pm I nm

Figure21: From plants to cellulose scheifi®4]

Such material possesses very high physical properties, along with interesting chemical modification
and grafting potential, and thus it is highly studied as renewablematesial, with different reviews
available in literature, e.g. the one from ThomegB et.a[125] or Thomas Pdwet.al[126]. Usually,

the most common studied application is naaoforcement in polymers to make nanocellulose
based nanocomposite materi@4i 86]; even if nanocellulose is becoming more and more interesting
for a number of application in the field of packagihg7i 130], cosmetic$131,132] medicing133

138]and of course separation as adsorbent or as part of selective men@al%141].

There are three main classes of nanocellulose, classified according to their morphology and source:

9 Cellulose Nanocrystals (CNCs), organized in micamd nanocrystals, obtained from
lignocellulosic matter through acid hydrolysis, the shortasboellulose material with 100
250 nm length and-60 nm diameter.

1 Nanofibrillated Cellulose (NFC), extracted through mechanical and chemical treatments, it
has also many amorphous regions and the
micrometers lenilp and 560 nm diameter;

1 Bacterial Nanocellulose (BNC), obtained by bacterial synthesis, mainly Komagataeibacter
xylinus, fed with low mass weight alcohols and sugars, the largest among these three, with
several micrometers length and-200 nm diameter.

In this work the focus is on the NFC (more specifically on Carboxymethylated NFC) since it has been
the nanocellulosbased material employed in NANOMEME@roject.

Nanofibrillated Cellulose (also called as cellulose nanofibers, nanofibrillar cellulose, cellulose
nanofibrilsé) is basically a bundle of I inear
amorphous regions, with soft, long chains having (ugpalilameters ranging from ten to a few
hundred nanometers and lengths in the micrometer [d&28¢126]

NFC is usually from lignocellulosic sources is usually extracted by wood pulps, and the most common
separation method are of mechanical nature, since multiple mechanical shearing actions can
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effectively delaminate individual microfibrils from lignocellulosfibers. The most common
processes include several types of chemical or enzymatic pretreatments of the cellulose pulp which
are able to disrupt some of the interfibrillar bonds thus facilitating the fibrillation process. The last
step is then usually agh-pressure homogenization, that has been the first approach made and still
one of the most common, even if others have been investigated as well, such-piedsghe
grinding, ultrasonication, steam explosion. Lastly, to overcome the main hurdleggingfdssues
associated with homogenizers, the use of extruders and high consistency milling is recommended for
the delamination of fibers.

As previously cited, cellulose represent a very suitable substrate to perform different typesoof,reacti
mostly thanks to the high density of hydroxyl groups on the fibers surface. Few examples are
displayed in Figure 22 e 23: from Thomas BejoyA&{125]:

Figure22Y / St f dz2f 2a5Qa adz2NFI OS Y2RATAOI[M282y | AYSR (2 SyK|
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Figure2dY / St f dzf 2aS5Qa adz2NFI OS Y2RATFTAOIAHBRY FAYSR (2 LINE(

As shown, with the proper electrophile gpoit is possible to substitute the hydrogen of the hydroxyl
group with a wide number of functional groups, providing different chemical behavior to the final
product.

One of the most common modificati ons creasetheal | e
polarity of the cellulose structure by substi
providing also highly charged surface (which can lead to ionic interactions with other molecules),
and a lot of acid groups at the surfaaer (hostmodification purpose) in comparison to neat NFC

[142]. A generic structure of carboxymethylated cellulose is displayed in Figure 24.

n

R=H or CH,CO;H
Figure24: General structure of Carboxymethylated Cellulose
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These chemicaproperties of carboxymethyl nanofibrillar cellulose (here will be always called
AcNFCoO0) were the reason -bllérfomttisyproject:itsipadasacithgoeps ¢ h c
are most likely compatible with both amine and amino acid groups ohP{fle FTM matrix) and

Arginine (FTM mobile carrier), leading to an overall stable and homogeneous structure, providing a
mechanical stabilization of the whole composite and thus aiming to prevent swelling and mechanical
instability that may occur in hydpdilic FTM materials previously discussed.

Carboxymethylated nanocellulose (cNFC) was kindly provided by INOFIB (8&nin-d 6 H ~  r e s
Cedex, France) as a water suspension with a solid content of 2.9 wt.% and a surface charge of 3600
pequiv/mol.

cNFC isusually synthetized by the alkalatalyzed reaction of cellulose with chloroacetic acid and

the protocol used for the modification was based on the one developed by Wagbdgiat. al.

A total of 180 g of eucalyptus fiber was pretreated. The eucalyptus fibers were first dispersed in
water and then solveithanged to 4 L of ethanol. The fibers were then impregnated with a solution

of 175.1 g of maochloroacetic acid in 820 mL of isopropanol corresponding to 10 M OH equivalent
with respect to cellulose. A solution of 26.5 g of NaOH in 3.3 L of isopropanol was then added to
fibers that were heated to just below boiling temperature inrlarg@ctor ftted with a condenser.

This carboxymethylation reaction was allowed to continue for 6 h. Following this carboxymethylation
step, the fibers were filtered and washed: first with 20 L of deionized water, then with 3 L of acetic
acid (0.1 M), and finally wh 15 L of deionized water. The fibers were then impregnated with a 3
NaHCO 3 solution (4 wt.% solution) for 60 min in order to convert the carboxyl groups to their
sodium form. Finally, the fibers were washed with 15 L of deionized water and drain@&liohraer

funnel.

In order to obtain Nanofibrils of Carboxymethylated cellulose (cNFC), carboxymethylated fibers
were mechanically treated using a Masuko Grinder ® device with a speed of 1500 rpom and a gap of
10 pm between the two grinding stones. A @eP.9 wt.%. cNFC was obtained after 10 pasées
example of such material is displayed in Figure 25.

Figure25: Water suspension of Carboxymethyl Nanocellulose
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2.1.3 Arginine

Arginine was chosen as mobile carrier ie froject, to work along with PVAm in G@acilitated
transport. It is a polar chiral amino acid, and iterlantiomer represent one of the essential amino
acids in humans. Its structure is reported in Figure 26.

It exploits a basic behavior due to thigh amount of amine content, especially the guanidine group
HNC(NH,)2.

NH O

H.NT N OH
NH,

Figure26: L-Arginine structure

Due to their amine content, arginine (and other amino acids) are attracting attentions as mobile carrier
in gas separatiofY3,74,144]due to their selective interaction with €0

Moreover, arginine is particularly cheap, which could lead to easier scale up, and it has a fairly high
mass weight and boiling point: 174 Da, and it start to decompose before evaporating, at about 230°C.
Such physical characteristic help to prevent itkégje (and evaporation) into the downstream side,
which is one of the main concerns when using mobile carriers.

Furthermoreuntil reaching its decomposition temperature, Arginine remains substantially stable, as
shown in Figure 27 by Weiss et.[&45]:
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Temperature [°C]
Figure27: TGA and DSC of Argin[id5]

L-Arginine was purchased from Sharligdlia s.r.l.
A sample of the material is displayed in Figure 28.
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Figure28: L-Arginine powder

2.2 SolutionDiffusion Materials

In this section the main materials employed in the preparation of membranes bassdtion
diffusion transport mechanism will be introduced and described. Most of these membranes are mixed
matrix membrane based on Peb2533,a commercial polymer produced by Arkema, and different
types of Graphene Oxide nanofillers. A modificatiosath polymerdeveloped during the work will

also be briefly introduced.

Mixed matrix membranes were developed for post combustion carbon capture apglitation
permeation tests have been carried out opd@ N, at 35°C and 1 bar upstream to make ssfige
comparison with literature data. The materials used were some of theooopenents studied for

post combustion membranes, by Professor Ho Bum Park and his group in Energy Engineering
Department, Hanyang University where | spent part of the tinneydPhD. Professor Park was also
involved in NANOMEMC2 project as external South Korean partner.

The present idea was to start a work of mditi@r compatibilization with the aim of increasing the
selectivity of the overall material, whoseatrix already has a decently high permeability, making a
set of data with different loadings to understand which could have been the best compromise of GO
loading.

Following this idea, in the present work, a set of PEpa23- GO mixed matrixnembranes have
been prepared and tested to study their potential application fos€p@ration in post combustion
carbon capture. Different loadings, from 0,02 to 1 wt%, of unmodified GO, used as benchmark filler,
were initially considered to optimize thMM composition. Afterward also Porous Graphene Oxide
(PGO), which has similar structure of GO but less polar and with higher surface/volume ratio
[146,147]and Graphene Oxide functionalized with Polyetheramine (PEAGO), which should improve
both polymer affinity, for a more efficient compatibilization, aD@; affinity for better separation
performance§l48], were used at the best loading obtained with GO, 0,02 wt%.

Finally, the chemical modification of Pel5#5633 was also considered through the addition of a
benzoyl group in order to improve their compatibility with GO and possibly increase its transport
properties Meshkat et al[149] indeed has recently described the use of the aromatic benzoic acid
into a similar dense polymer, Pe8a657, withinteresting permselective improvements, risinggCO
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permeability and both C&N> and CQ/CHs selectivity. Thus, even if not in mobile carboxylic acid
form but grafted into polymerdés backbone, t h
promising in tem of permselective improvements.

Since the product material is basically new, to have an initial reasonably wide characterization in term
of gas separation, five gas have been tested; BOCH., Oz, and He, all of them at 35°C and 1 bar
upstream, whiclare commonly used as references for many of the previously cited applications and
literature comparisons.

The properties and features of the materials will be discussed in the following paragraphs, while the
blending protocols are discussedSection3.1.4.
Lastly, the chemical modification (grafting) of PeBa%33 will be discussed iBection3.1.5.

2.2.1 Peba%2533 (P2533)

Among the different polymers, Pelfamaterials have been often chosen as matrix for gas separation
membranes, fotheir good balance between mechanical resistance, processability and separation
performance§l50i 154].

Pebax is the trade name of a series of Thermo Plastic Elastomers, bloalyroers composed by
polyamide and polyether blocks, produced by Arkema company with various types of each moiety
and in different ratig155]. The structure and the most common features of Pebax block copolymer
are reported in Figure 29.

ThermoPlastic Elastomer

2 b «~ Poly Ether Block Amide (eXtreme)
[
y\% 1. Polyamide rigid segment: semi-crystalline with
/ clear melting point (133° C & 172° C)
="
\/\)

2. Polyether soft segment with a very low glass
transition temperature (-60° C) providing
exceptional properties at low temperature

=>
[ Polyamide (Rigid segment)

/v Polyether (Soft segment) HOOC - PA - COOH 4+ HO-PE-OH
Dicarboxylic Polyamide Polyether diol

» Molten state polycondensation Hodc—PA-coo— pE_O\TH
1}

i
& Effect of PE/PA ratio on the \@

\ / n
flexibility of the polymer Poly Ether Block Amide

Figure29: Pebax materials generic struct|fb5]

They are widely used as membrane matrix in carbon capture, because some of them possess bott
good CQ permeability and Ce&N> selectivity, properties that can be tuned with chemical
modification or by the use of fillers, as also reported in the very complete summary from Ho et al.
[31].

The type chosen for this work was Peb2833, a block cgpolymer made of polyamide 12 (Nylon

12 or PA12) and a block of polytetramethyleneoxiB&@NIO), with a reported mass proportion of
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around 20 wt% the former and around 80 wt% the |§if&2?,156,157] giving a theoretical molar

ratio of about PTMO:Nylon12 = 91,6:8,4.

Konyukhova et al. also reported the molecular weights of the two blocks: 530 g/mol for Nylon12 and
2000 g/mol for PTMQ158]. Peba®2533 structure is displayed in Figure 30.

(0]
H I'lz Hz Hz Hz Hz H H
* n *
H, H, H, H, H, H, \[\o/ e \c/}’
H, H,
l | J
Polyamide12 (20 wt%) PTMO (80 wt%)

Figure30: Pebax®2533 chemical structure

Peba®2533 is usually employed as absorbent for orgasmipors, like perfumes for internal
environments or cars, insecticides, and any other application that require a slow desorption of certain
gases or vapors.

These uses are due to its high absorption capability, uniform release overtime and easy material
processing.

While the type of Pebax more commonly investigated in carbon capture membrane applications is
Peba®1657, made oNylon-6 and PEO with a respective ratio of 40/60 in mass, other materials of
the family also possess interesting performances suttte ahiosen Peb82533. This type, indeed,
exhibits higher C@ permeability compared to Pelf657 (about 13351 Barrer against 480

Barrer) although with lower C£N> selectivity (about 284 against 480) in experiments conducted

in mild conditions pressure upstream of2lbar and temperature from 20 to 35{C50,153,159

165].

Peba®2533 wagurchased in pellets by Arkema s.Bbme pellets are displayed in Figure 31.

Figure31l: Pellets of Pebax®2533
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2.2.2 Graphene Oxide (GO)

In 2004, physics K.S. Novoselov and A.K. Gejm managed to exfoliate and characterize a single layer
of graphite[166], whi ch t ook the name of iz @rphypids@0i® 0, W
Graphene is one of the carbon allotropes, a material made of only carbon atoms hybridizieersp

every atom bond three others with an angle of 120°, it is fully planar and only one atom thick, reason
why it is considered awo-dimension material.

Exfoliated graphene and its structure are displayed in Figure 32.

Scotch tape method of making
graphene

from HOPG

< I |l I Il Il

4

Figure32: image of mechanically exfoliated graphgaé7] (left) and its chemical structure (right)

After its first discovery, many studies have been conducted on graphene, revealing outstanding
properties in terms of mechanical resistance and both electric and thermal condu&wity O].

The better properties are of course obtained for the pure single layer defect less graphene, but they
remains of high interest even if in reality some morphological defects may occur on the sheet, al also
pointed out by Park et al., reducing its chemieafgxtion [171].

Due to this peculiar features graphene has been deeply investigatiéerentfield of science with

many papers already published, as schematized in Figure 33 from Zhorid@ &2]al.

Synthesis and transfer 17%

Articles about graphene

% g - Structure and morphology 9%
in Science and Nature

Electrical property 34% . Properties 46%

. Applications 28%

Figure33: Articles about graphene in Science and Nature
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There are different ways to produce graphene, everyone with pros, cons, and quality of product
obtained. Figure 3display the typical chart of quality against cost of the most common production
techniques:

Mechanical exfoliation

(research,
CVD prototyping)
(coating, bio, transparent
"g » conductive layers, ‘
» © electronics, ——

] 5] . 2 s
o”$s % , Photonics) v

Quality

SiC «uEEhes
(electronics, :
RF transistors)

L X 1 Liquid-phase exfoliation
#% # (coating, composites,
g 44 N inks, energy storage,
. & 8

x : bio, transparent conductive layers)

\ 4

Price (for mass production)

Figure34: most common graphene synthesis techniques

As shown, the best quality is provided by mechanical exfoliation from graphitd, ibudlso the
slowest and less industrially applicable technique. Another very used technique to form high quality
single layer graphene is Chemical Vapor Deposition (CVD), although it is relatively expensive, and
the graphene obtained is usually fixedhe surface where CVD was carried out.

The most common employed technique, due to its easelgtaed large production potential as

well as the lower cost, is the liqumghase exfoliation, that as drawback has the lowest product quality:
by this techrgue only few or multilayer can be produced. However, it results rather flexible, as it can
be tuned to obtain larger or smaller flakes, and it is also compatible with chemical treatments or
modification on the graphene itself, which increment its versatili

By the chemical point of view, graphene is a flat sheet tapon only structure, which is not
particularly reactive as it is, but the presence of functional groups could make it an ever more versatile
material.

Different modification approacheslv e been attempted indeed, to f
the most common one being its oxidation to ob
The oxidation of graphene results to be the extremely handy due to the insertion of-loxygen
groups,like hydroxyls, ketones, epoxy and carboxylic acid, which give to the material a more polar
behavior, and most important, some reactivity: once such groups are grafted, indeed, they can be
exploited to carry on different reaction exploiting their highkcteéty. For this reason GO is used not

only by itself, but is usually the starting point material to carry out other different chemical
modifications.
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The perhaps most difficult challenge in graphene oxide, is the reproducibility, indeed its very
structue is not well defined nor constant, and some models have been proposed as showed in the
following Figure 35 from Dreyer et gl173], among which the Lerf&Klinowski and Szabo&Dekany

are the most accredited in literature:

Proposed GO models. (A) Hoffman, (B) Ruess, (C) Scholz-Boehm, (D) Nakajima-Matsuo, (E) Lerf-Klinowski, and (F) Dekany model.

Figure35: Graphene Oxide structure modgls/3]

Defects and imperfections along the graphene plane compromise its outstanding physical properties
previously mentioned, and this also applies to oxidation grafting: GO indeed has indeed lower
properties with respect to pristine graphene with reductiochAddecome more and more pronounced
with the increase of the oxygen content and structural ddfietsl75]

Despite this reduction GO remains a very interesting materials due to the already mentioned
possibility of modification and also because, due to its polarity, it can be effectively stored in water
dispersion, making it extremely safe compared to the pofoder, that is very common for graphene
storage; in addition it has higher interaction with radiations from thevig¥dle to the near infrared
opening new field of application. While Graphene is more suitable for electronic and other physical
based purpag like nanereinforcer etc., Graphene Oxide represents a more interesting tool for the
material and chemical point of view.

The most famous protocol to obtain GO from graphene isltilemer method, and in this work GO

was obtained with an improved versiohit, developed by prof. Han in Hanyang Univergity 6],

as will be discussed iBection3.1.3 A sample of this material is displayed in Figure 36.
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Figure36: Graphene Oxidgynthesized in Hanyang University

Among many possible fillers usually considered,-B#3ed nano materials have recently attracted
much interest and have been widely employed in carbon capture for their capability of enhancing
membr anesd® gas per msel ect i v ewitlpmanypexampleseabeadg n d
available in literaturg¢146,177 182], and also described in reviews such like the one about 0D and
2D fillers MMM from Janakiram et a[183], or the one specific for graphene and graphene oxide
materials from Yoo et aJ184] or even the wider and more general one provided by Sun[#85].

In this work, three Graphene Oxitbased materials have been tested as filler into Pabas:
Graphene Oxide neat (GO), Porous Graphene Oxide (PGO) and Graphene functionalized with
polyetheramine (PEAGO), are displayed in Figure 37:

Figure37: Chemical structure of GO (a), PGO (b), and PEAGO (c).
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PEAGO is a modified version of graphene oxide, grafted with a polyetheramine (Jeffarhd@OM
designed by Myung Jin Yoo, in order to make it more soluble inrdiftesolvent, and thus in different
matrix.

PGO is a type of GO treated to fracture it even further and form holes/defects along the surface itself.
The synthesis of both modified Giéased fillers will be discussed in meth@&#stion 3.1.3.

Graphite (usetb prepare GO and the other @@sed materials) by Bay Carbon Inc. (Bay City, Ml,
USA).

2.2.3 BenzoyP2533 (BP2533)

During the PhD, Peb&2533 was also chemically modified obtaining a new product, developed for
the first time in this work, named Benze9533 (BP2533). The modification consisted in the
grafting of a benzoyl group upon the nitrogen of lhydon moiety, with the structure digyed in

Figure 38.As said above the main aim was to improve the membrane performance adding a group
that proved to be able to increase @rmeability even if in an acidic form [136]. The addition of

the benzoyl group directly on tiNylon chain, indeedeven if less polar than the aromatic carboxylic
acid reported by Meshkat et al. [136], should be able to cancel the crystallinity\ofltml 2 phase

thus improving its transport properties. By substituting the hydrogen of the secondary amine with a
high hindering group, indeed the ordering\bflon chain should be hindered reducing the tendency

to form crystals and increasing the polymer chains mobility.

Figure38: BenzoyP2533 chemical structure

Six differentprotocol were developed to carry out the reaction of F&%83 with benzoyl chloride,
conducted in pyridine at different conditions, that will be deeply discuss®ekcion3.1.5

Such new product has been fully characterized, by both material and leetigg points of view,
and the results will occupy the entire Chapter 6 of this thesis.

Benzoyl chloride and pyridine were purchased from VWR International.
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3) Methods

3.1 Processes and Reactions

3.1.1 Lupamin®9095 Purification

As already mentioned fBection2.1.1, the source of PVAm for this work was the commercial product
named Lupamif9095, a polymeric solution that contain also some saltss t | y
sodium formate and NaGhhich could create problem duringembrane production. For this reason,

apurificationstrategy was implemented in order to obtain a PVAm with reduced salt content
Two different level of purification were developed63] obtaining two grades of PVAmas

schematize in Figurg9:
1 PVAmMLG

reacti

Pol yvinyl RunficaionGrmiddevdo, obtained by®095ieci pi
ethanol96 %, with a volume ratio Ethanol/L9095 of 4:1, followed by 60°C drying evght.

This material already preserd low amount of salt, thus resulted to be suitable enough for
making homogeneous membrames! resulted to be the most often employed.

PVAMHG

Pol yvinyl Ami ne A Hi gbtained byfurtdei pudfting FVWAMLGr a d e 0
througha solidliquid Soxhletextraction(for 48hwith 96 % ethanol as solventollowed by

an ion exchange resin treatment with Amberlite IRA958&12 h withSolid Content / Resin

ratio of 1:15.

This material resulted to be the purest obtained, but the procedure was much more time
consuming with respect to PVARG, so that it was used mainly as a reference to understand
the role of PVAm purity on the membrane performances

NaOH 3 M

|

Resin
Hydroxylation

!

exausted

AMBERLITE
IRA958CI Resin

Hydroxylated
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Ethanol 96%

Lupamin Precipitation in
9095 —_— Ethanol

exausted
Ethanol 96%

NaOH

lon Exchange
— + |Resintreatment | —— PVAM - HG
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Resin
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Ethanol 96
Soxhlet
extraction

PVAmM - LG

exausted
Ethanol 96%

Figure39: Lupami®095 purification protocol scheme
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3.1.2 Blending: PVAmM + cNFC nanocomposites

The efficient and homogeneous dispersion into the polymer matrix is the main concern when making
composite membranes.

Often, nanofillers tend to aggregate with each other, forming agglomertgading to an overall
heterogeneous material which does not have the same properties of the correspondent homogeneou:
one, and is not reproducibl€hus,the develognent ofan efficient dspersion/compounding method

is acrucialprocedure in mixed matrix membranes field.

For the dispersion of cNFC into Polyviagine, the following protoco(shortly schematized in
Figure 40) has been develoge which led to homogeneous wallispersed naroomposited
membranes

The first step was the dilution of9 wt% cNFC water dispersion in order to have, at the end of the
blending process, an overall final concentration of solidsQff &t%: the correct amount of wager

were added to the cNFC dispersion, then it was magnetic stirred at 500 rpm upon 40°C plate for
hour(covered with parafilm)

In samples that required Arginine as welle correct amount of this amino acid was previously
dissolved into the dilution wet.

Then the system was brought at 40°C ansl080 rpm homogenization was carried out, ushey
homogenizer Ika Ultra Turrax T18 Digitadfter about two minuteskeeping 5000 rpm, the correct
amount of PVAmMLG 2,50wt% was slowly added drop mrop. When all the PVAm solution was
added, homogenizer speed was increased to 12000 rpm for 2 mihigtespeed homogenization,

was needed as previous analysis showed that PVAm strongly interacts with cNFC causing upon
addition the instantaneous fornaatiof aggregates in the form of white flocs.

After the homogenization, 3 minutes of bath sonicafwnication Bath model FC 10, 220 V, 50/60

Hz, 0,4 Kw, from ENCO s.r).were conducted, in order to remove bubblesasbrbedjas ando
stabilize the #nd, which was then ready to be used for membnaregsration

)

$9965955%
$5559955%

599995565

cNFC Dilution 5000 rpm homogenization 120000 rpm Bath Sonication

+ Arginine addition and PVAm addition homogenization

Figure40: PVAmM/NFC/Arg blending protocol scheme

In total, 5 different blends have been performed and investigated: three made of two components,
PVAmM/cNFC at different mass ratio (50/50, 35/65, 20/80), and two made of three components,
obtained by adding 25 wt% and 45 wt% arginine to the 50/50 PVAmM/cNFC blend.

The overall blend compositions are summarized in Téble

44



Previous compounding test proved that, to have a mechanically optimized PVAm/cNFC blend, the
mass fraction of PVAm had to be maximum half of the total, while it was possible to achieve
mechanically resistant and stable blemti@nexceeding with the cNFC.

Table4: PVAm/cNFC/Arginine blend ratios

Blend Type PVAmM (wt%) cNFC (wt%) Arg (wt%)
2 components 50 50 0
2 components 35 65 0
2 components 20 80 0
3 components 37,5 37,5 25
3 components 27,5 27,5 45

3.1.3Graphene OxideM aterials Synthesis

Graphene OxidéGO)

Graphene Oxid has been the main nafider for Peba®2533 addition and served as base for
preparingthe other two nanofillers whose preparation will be described in this section.

GO was preparethroughHammer Methodptimized by Prof. Han Hanyang University176]:
first, 10 g of 9999 % pure graphitgpowderwas stirredin 380 ml of Ho.SQs 95 % at 5°C for 10
minutes then50 g of 993 % pureKMnO4 were added and the mixture kept in 150 rpm stirring for
12 h at 35°C.

The temperature was thdecreased to 5°C and 2500 ml of DI water were added, and lastly 30 ml of
H2>O. were added as well, still maintaining the mixture in stirring and below L@tiCthe solution
color changed from dark brown to yellow

At this point the oxidation reaction was completed, and the productepasatetdy vacuum filtering

the solutionand thenwashedwith a total of 5 L of aqueous HCI (10 wt%]J-inally, the GOwas
dried at room temperature and without UV expositionviar tlaysbefore thdinal wash with 5 L of
acetone

Porous Graphene Oxide (PGO)

Porous Graphene Oxide was prepared starting from a 2 mg/ml GO dispersion in water which was
sonicated for 30 minutes to ensure high homogenHEity.dispersion was heated up to 50°C and then
NH4OH and HO, were then added with a ratio of GO:MPH:H.O, = 20:1:1. The solution was
stirred at constantemperature 50°C) for 5 hours, and then coole®d room temperatur@nd
centrifuged for 1 hour at 10000 rpm to recover the precipitated PGO. This one wasdlspersed

in DI water and dialyzed for-8 days toeliminate any residual reagents or impurities. During the
dialysis the pH was continuously monitoyeshd the process wasnsidereccompleted when the
solution reached neutrality (pH = 7).

Graphene Oxide functionalized with Polyetheramine (PEAGO)
PEAGO was prepared using the method designed Myung Jin Yo$ld84l GO water dispersion
has been mixed with Jeffamine-MOO(PEA) with amasgatio mso:mpea=1:0.75and stirred for 24

h at room temperature, the pH was then adjusted to 4,5 using HCI 1M and EDC and NHS were added
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to the mixture both with a weight ratio of 1:1 vs G@he solution was sonicated for 30 minutes and
then stirred for 24 hours to complete the modification. PEAE6 obtained was finally washed with
5 L of HCI and then witlb L of acetone in order to remove any impurities.

3.1.4 Blending: Peba¥2533 + GO Nanocomposites

Peba®2533 and graphene oxide are not well compatible materials, and just mixlageheto the
former lead to an extremely heterogeneous structure.

To fix this problem and obtaining homogeneous membranespsssolubility approach has been
designedThe two materials were soluble/dispersible in different solvents, as showederb,Tiain

two of the possibleatvents, water and ethanol, are actually miscible in each other, thus, the following
process has been developed.

Table5: Pebag2533 and GO compatible solvents

Material VS Solvent Water Ethanol Buthanol
Peba¥®2533 Insoluble Soluble Soluble
Graphene Oxide Dispersible Non-dispersible Non- dispersible

Peba®2533 pelletsvere solubilized in ethanol with a concentration oW®46 by stirring at about
700rpm upon a 150°C hot plate forhurs, and then letting it reach room temperature orrf@®0
stirring.

Water was instead uséd prepare the stable dispersiongoaphene oxideyith a concentration of
0.5 mg/ml preparedy mixing thedry GO with the desired amount of water and thathsonicating
the solution for 2 hours maintaining the temperature below 35°C. The same procedure was used also
for the other two types of graphene consideR&8O and PEAGO.

Once theaqueousdlispersion of GQwas ready, it was added to the Pé2b33/ethanol polymeric
solutionon 50°C plateduring 1000rpm stirringfor 10 minutesthenpouredin a teflon petri distio
make the membran

The process is schematized in Figdie

% (5 mg/miH,0)

Pebax2533 | —
ethanol ~ >~

solution [ —
(2 wt%)

Casting

1000 rpm, 50°C
Figure41: Peba®2533-GO blendingrotocolscheme
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The sdution was then left to evaporate at room temperature in order to obtaistaseling
membranes. Four different loadings were considered for GO additi@?, 0.1, 0.5 and 1 wt%n
orderto study the influence of this parameter on the overall polymer permeability.

Due to theresults ofpermeation test obtainexh PebaX2533 GO membraneand the difficulty of
dispersion of the other two materigler PGOand PEAGO only the.02 wt% loading was carried
out.

3.1.5 Pebax’2533 Modification: BenzoytP2533

To modify PebakX2533, a grafting upon secondary amine of thigton12 moiety was designed,
making an acylation with Benzoyl Chloride.

The aim of the modification was t dondedmateeicdss e t
like Graphene and Graphene Oxide, and at the same time removing the crystalliniti} bt

moiety, theoretically increasing the ovenmalla t e rpemzeabdity.

To carry on such reaction, pyridine has been used as solvent, that exploited three roles: effectively
solubilize the polymer resulting in a stable polymeric solution also at room temperature, providing a
catalytic effect for thelectrophilic sbstitutionreaction, and neutralizing the byproduct hydrochloric
acid.

The overall reaction and catalyst effect schemes are displajeglire42:

a) Pebax 2533 Benzoyl Chloride
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Six different protocols with different intensities have been conducted in orgerdy the reaction
yield, by varying three parameters:
- Molar ratio between the secondary amine moiety of P¥%83 and Benzoyl Chloride
- Time of reaction
- Temperature
Initially, Peba®2533 was dissolved in pyridine at 2 wt% by stirring overnigha pfate heated at
80°C: once solubilizedthe polymeric solution so obtained was stable and limpid also at room
temperature for undefined time.
Then, the correct amount of Benzoyl Chloride was added to the ®8&8solution, under stirring
at 6006800 rpm and at fixed temperatuiiehe mixture ha been kept under stirring for a determined
time to complete the reaction.
The product obtained was then separated by dropping the polymeric solution to cold deionized water
(kept in ice bath, & O0OAC), the a medtonthereadtionwat e
Such addition caused the precipitation of the product, that was then recovered and washed by stirring
in excess of deionized water (mProduct:#®H- 1:400) at 40°C 2 hours, four times.
After that, the followingpurification steps were carried aatorder to remove any residual solvent
or unreacted reagent
- the product was recovered and totally dried in vacuum oven &C56vernight, then
temperature was increasedlf@0°Cdynamic high vacuum wasulledfor 3 haurs.
- the dry solid obtained was solubilized in chloroform at 30 mg/ml and slowly dropped in cold
methanol (kept in ice bat, 0°C), with volume ratio of CHGICH3sOH = 1:3,0btaining a
turbid polymeric solution, which was dropped into cold water (kept in ice &&tC), with
a volume ratio of CHGICH3:OH:H.O = 1:3:8,to obtain a precipitate.
- Thesolution was removed, and tpeecipitate was then dried out overnight at 50°C under
high vacuum, obtaining the final product.

To clearly summarizéhe protocols, crossed parameters chosen are shown inéTable

Table6: BenzoyP2533 reactioprotocols

Reaction Molar  Ratio| Temperature | Time
Protocol -NH- : BenzCl | (°C) (hours)
#1 1:2 20 2

#2 1:5 20 2

#3 1:10 20 2

#4 1:5 20 24

#5 1:5 60 2

#6 1:10 60 4

Among the different protocolst is possible to notice that #1 #&hd #3were focusing on
understanding the role of reactamtslar ratig which was the only parameter modified wikiéeping

mild conditionin terms of temperatur@nd reaction time (Bours at 20°C).

The #4 and #Weremore aggressive protocols since a fairly high excess of reagent was chosen (1:5)
and a much longer reaction time for #4 (24 hours) or higher temperature reaction for #5 (60°C).
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Lastly, the most aggressive protocol #6 hasn employed: conducting the reaction with a ratio of
1:10, at 60°C, for 4 houts aim atthe totalsubstitutionof the polymer.
The product obtained by PBEbES83Deé&B8PR&B3Was nam

3.1.6 Controlled Crosslinking of PVAmM with Glutaraldehyde

One of the problems of Polyvinylamine and other highly hydrophilic polyelectrolytes is the swelling
and partial solubilization when exposed to high humidity.

In gas separation membranes, thisrcam the physical integrity of the membrane itself or even make
the polymer slowly percolate through the support beneath it, compromising the-rardtiespecially
long-term performance of the membrane.

Since PVAm was the main hydrophilic polymeric mainxNANOMEMC?2 project, a method to
make such material mechanically stronger and more sedpecially at high temperaturegs been
investigatedusing a controlled chemical crosslinking approach, with the crosslinker Glutaraldehyde
(GA). GA is, indeed,well known to be a suitable crosslinker for palgohols and pokamines
[123,186,187]providing an extremely fast crosslinking reactiomhich occurs even at room
temperatureSi nce theyore part of t he pol nemstericallyc hai |
extremely close and fixed together in PVAm, whose reticulation led most likely to the product shown
in Figure 43.

Crosslinked PVAm Structure

Glutaraldehyde

Y
HN,  NH
+
__ A
ek
N
Y HN NH
A

Polyvinylamine

Figure43: PVAmGA crosslinking reaction scheme

The concept of this controlled structurainforce was to make the crosslinking not on the membrane
already prepared, bydrior in polymeric solution, in order to obtain an overall senaisslinked
polymer with higher mechanical stabilitgs well as being accuratefynablein function of the
relative amount of crosslinker added.

Otherwise, if treating the membrane already made in a crosslinking bath, all the crosslinking would
have occurred only on the surface and in higher concentraaosjng the formation of a thn but
impermeable layer on top of the membrane.
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The protoct showed irFigure44, consisted in preparing the PVAm aqueous solution at 2 wt%, then
stirring it in ice bath ( éhem@jountot dlGAmM( AuDe
well) and keep stirring at about 0°C for 10 minutes.

This step was crucial to effectively disperse the crosslinker all over the polymeric solution, so that
when the reaction was triggered would have occurred homogenouslyith no gralient of
concentration nor agglomeration.

To start the crosslinking reactidhge bath temperature was raised to 35°C and keep stirred for 1 hour,
at the end of which an increment of viscosity was already noticed, based on GA amount.

Lastly, to totally complete the crosslinkinte bath temperature was raised to 6&&epstirring for
another Jhour.

To be recovered, the final producascasted into a PTFE petri dish and dried outsdC3for 48 h,

then the solid crosslinked PVAGBA was rady for different test or vacuum dryirigllowed by
solution preparation.

To investigate the effect of such crosslinki®A was added with different molar ratjampared

to PVAm repeating unit: 1, 5, 10 and 20 moBadproducts obtained were named based on the molar
percentage of GA added: PVAMGA1%, PVAMGA5%, PVAMGA10% and PVAMGA20%.

Cold Mixing Crosslinker dispersion Reaction Trigger Reaction completion
0°Cice bath 10 min 0°C ice bath 1 h 35°C bath 1 h 60°C bath

Figure44: PVAmGA crosslinking protocol scheme
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3.2 Chemical and Physical Characterizations

3.2.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a type of spectroscopy which uses infrared radiation, that can be absorbed by the compounds
through their chemical bonds that ared&ive and snce many bondsatisfy this requiremenETIR
providesinformation about nearly every functional groups present into material

Couplingit with anAttenuated Total Reflection (ATREetupgransthe possibility to analyze directly

solid material (e.g. mebranes, in tis case)which absorb IR radiationot directly (in transmission),

but fromthe evanescence wave that spread to the sample thtegiystal beneath {L88].

Overall, FTIR ATR is a fast, nadestructive and versatile analysad thus is one of the most
common for gather qualitative information about chemical structure of materials.

In this Doctorate, the setup employed sarchanalysis was made of BTIR modelNicolet 380
(Thermo Scientifi§, providedwi t h a single bounce ZnSe cryst.
Reflection, Pike Technologies).

All the analysis have been conducted on solid samples, using 32 scans and a resolutiort,of 4 cm
managed with Omnic software package.

Such technique has been used for several purpdseskingthe chemical structure of the matesial

used, monitoring the Lupanfi@095 purification progress, qualitatively evaluate the P&RBEE3
modificationyield, etc.

3.2.2 Thermogravimetric Analysis (TGA)

TGA isa techniquaised to determine s a nweigheldss in function of temperature: It basically
consists in a micrbalance kept inside an oven with controlled atmosphere.

For post combustion membranes, operating tzatpre are relatively lowar below 100°Cusually
around 60°C which is the typical flue gas temperature leaving the flue gas desulfurization (FGD) unit
[189], but an information about the degradation temperature and v@sghdf the material is always
handy, moreover ipermittedto estimate the thermal response in function of the modifications
performed.

The apparatus used wa3 GA Q60Q from TA Instruments

By the operation point of viewemperature rate was always kept to 10°C/min from room temperature
(about 2625°C) to 600°C, with nitrogen atmosphere kept during all the experimamter toobtain
thermal degradation results only, and not theoxiolative The samples sizevas mainained
betweerb and25 mg.

3.2.3 Differential scanning calorimetry (DSC)

DSC is a technique which permit to investigate the exothermic and endothermic transitions of
materials, such like fusion, crystallization, chain ratséonin polymers and so on.

The technique works by heating at the same time the sample and a standard that has no exothermic
or endothermic transitions, keeping them at the same temperature: thus, whenever the sample
undergoes to one of the cited thermal tri@mss, the system has to provide more or less heat to the
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sample chamber, and such heat difference is proportional to the transition itself, and represent the
actual signal.
In this work DSC served to evaluate the change of crystallimi#gulted from thePeba®2533
modification, as well agvestigation of graphene oxitased materials inside PeBag33.
The program used was always made of four cycles, always with a heating rate of 10°C/min:

1) Cooling from room temperature t80°C

2) Heating from-80°C t0250°C

3) Cooling from 250°C te80°C

4) Heating from-80°C to 250°C
In this way, with the cycles 1 and 2 the thermal history of the material was cancelled, then it was
possible to obtain information on the tested material by analyzing cycle 3 and 4.
The apparatsiused was a DSC Q2000 from TA Instruments, and the samples size has always been
between 5 and 25 mg.

3.2.4 Scanning Electron Microscopy SEM)

SEM is a type of microscope that produces images using a focused electron beam as radiation source
instead of light, allowing to obtain magnification values up to x28@D00 and images with
resolution of 1 nm or less.

In this work it has been employed see the dispersion of Graphene Oxide into P¥%83
membranesand a magnification of x105000 proved to be the best range for this purpose.

The apparatus used was a Phenom ProX, with a voltage of 10 kV, and all the samples analyzed have
been previosly metalcoated in a Quorum sputter SC7620 usingR&ldisc target, in order to set

them totallyconducible a crucial requirement to perform SEM analysasd resistant to the high
vacuum of the instrument.

3.2.5 Nuclear Magnetic ResonanceNMR)

NMR is a type of spectroscopy that allows to observe magnetic field around atomic nuclei, by exciting
them with radio wavewhile keptinto a strong magnetic fieldisually100-900 MHz Such excitation
perturbs the alignment of the magnetic nuclear spirtlagrecoveryof this state provide the magnetic
resonance, which can be elaborated giving the NMR spectra.

The most common nuclei analyzed in NMR &reand!3C, and are extremely useful to identify
compounds in organic chemistry, because swggonation is function not only of the nuclei
themselves, but also of the electrons around them, in this way it is possible to disguise basically every
type of carbon and hydrogen structures in a molecule, allowing outstanding identification power of
organc compoundsMoreover,it is anextremely accurate and precteehnique thus itis also one

of the best analytical methods for quantitative determinations as well.

In this doctorate, indeed,-NMR has been used to estimate the malanversion (in ternof
substitution degrea&)f Peba®2533 modification.

The instrument used was Varian Mercury Plus VX 400, 399.9 MHz; 3C, 100.6 MHz)
spectrometer, chemical shifts are given in ppm from tetramethylsilane (TMS) as the internal
reference, and all trenalysis have been conducted at room temperature with asCori@lentration

of 510 wt/v%.
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3.2.6 X-ray Photoelectron SpectroscopyXPS)

XPS is a spectroscopy technique that generate photoemission of material by irradiating # with X
rays, suchelectron kineticenergy ismeasurable andnique for every electron binding, which is
unique for every bond.

In this way, XPS represent one of theshpowerful qualitative elemental analysis for homogeneous
materials osolid surfaces, and in this wark has been employed to verify the presence of nitrogen
into the filler PEAGO after the reaction of Graphene Oxide with Polyetheramine.

XPSspectra were measured using@micron ESCALAB (Omicron, Taunusstein, Germany) with a
monochromatic Al Ka (1486.8 eV) 300 W-edy source, and #food gun to counter charging effects
under ultrahigh vacuum (UHVA 1 x 10° Torr) conditions

3.2.7 Water Absorption

Water absorption measurements have been carried out on the hydrophilic membranes used in this
work, made of PVAm, since such parameter often resgk$ulto understand the behavior of gas
permeation in humid conditiorj62,63] To carry out the water absorption testustomizedsetup

has been employed, previously described and used by Giacinfle0gl

Thesetup is made d quartz springcept into an insulated and water jacked coluaha controlled

and fixed temperaturef the extremity of which is attached a small rectangular sample of known size

(in the order of 10x5x0,05 mmalong with an aluminum refence, of known size as wedls shown

in the CCD screenshot displayed in Figdge

Reference

2
Figure45: Screenshot of Water Absorption sample

In front of the column is placed a CCD camera that continuously recoshthgle and especially
thealuminumcalibratedreference attached to which provides higher contrast for the camaral
allows, thanks to its known dimension, to evaluate the gixelconversion factor
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The column is linked to water tank(S02) that provides water vapor to the syséemito avacuum

pump as well, so, exploiting the Antoiiguation23 and Equatior24, at the known temperature, it

is possible to humidify the overall system with the desired solvent pressure, water vapor in this case,
allowing to carry out test at differefiked humidity.

iID 6 — (23
Yo ———— pnm (24)

WhereP? is the saturated water vapor pressure (100 RH%) at a certain temp€&athile A, B and

C are constant parameters specific for any substance.

The actual absorption (and desorption) resuépresented by theass absorbed (or desorbemn

beobt ained by the elongation (or reductf{oon) o
desorl) vapor, its weight change and the hook gets longer or shorter, such change of length is recorded
by the camera andis proportional to the mass variation though the following Equétton

a 0 QO (25)

Wherek is the spring elastic constanht,the spring lengtlafter the absorption (or desorptiphy is
the initial spring lengthg is the gravity acceleration.
The overall experimental setup is displayed in Figure 46.

[ ]

To Vacuum Water Jacketed é

A Glass column T

W-1voa

o

V03
T Controls

Quartz

VI--IVOZ VOlv"- e
. Spring

|
=D A

Pl ‘
)
S01 - ( J{ ) ccD

Camera

S01 — Vapor Penetrant reservoir

S02 — Liquid Penetrant reservoir -
PI 01 — Pressure Indicator
TI 01 — Temperature indicator

L J

Figure46: Quartz spring microbalance setup

By the operative point of view, the first step wasnteasurmentof theweight of the sampleyhich
wasthenhookedto thequartz spring.
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Once inside the column at constant temperatiwagys 35°Chigh dynamic vacuum was pulled until

no weight loss wasecorded the samplavas thereforeotally dry and anygas or vapor previously
presentvas eliminated making the specimen readyrfthe absorption test

The column was temporary isolateg closing V03, and the 4 L reservoir SO1, containing both
temperature and pressure indicators were opened; at this point water tank SO1 was carefully opened
to let water vapor fill the system with the desired pressure, andénegclosed back.

At this point it was possible to start the absorption test by startin@€@ie dataacquisition and
connecting the column to the humid conditioned sygteropening V().

After the equilibrium state was reached, the sample stopped move downwardrehlseo absorb

more water at the defined RH% and temperature, and that absorption step was concluded.

Then, the column was isolated againd the system charged with a higher humidity amount, in order

to carry out another absorption step with higher Ritftowing the same method just explained.

By summing all the mass contributes from each step, It was possible to find the total mass of water
absorbeds well as the diffusivity of water in the material.

Usually, low humidity test required long time awere less accurate due to the slower and smaller
absorption, so it has nevieeenconducted an absorption test with a RH% lower tha#10

For all the test conductedubyancy effects were neglected in calculation due to the low pressure
considered in experiments.

3.2.8 Crosslinked PVAmMWeight loss in water: dipping test

To have an idea of the resistance to the swelling and solubility of the different crosslinked PVAmM
GAs, a fast and a prolonged dipping tests in water have beduoated.

Both tests were carried in liquid water, since all these membranes were supposed to work at high
humidity, even saturated vapor, and in such conditions some-trigps depositing on the membrane

may occur. Thus, the experiment was carried outnuth more harsh conditions, so that if a
membrane can resist to an extended dip into liquid water, most likely it can withstand against high
RH% or few micredrops.

A first fast and rough test of dipping, to check the eventual swelling ohémebranes, consisted in
picking with a tweeze a small piece of sample, with dimensions of about 10x5x0,05 mm, immerse it
in DI water at room temperature for abodl® seconds, and then picked up to see how physically
the samplebs shape changed.

To invesigate the weight loss, a more accurate protocol was developed: it consisted in cutting small

layers of dry materials, with dimensions 10x5x0,05 mm (memHikaeshape), then, to weight the

mass zero of all the samples, they were treated in 35°C dynaooigraaoven for 3 hours in order to

reach the minimum dry mass without compromising the materials structures, after that the samples
was ready to be weighted.

Every sample was then putted into a PE pan containing 45 ml of DI water and let it deep inside the
water for 60 h at 35°C.

After the dipping period, all the water was removed and the samples were dried first in ventilated

oven at 35 °C for 24 h, then treated with dynamic vacuum at 35°C to reach again the minimum dry
mass, and then they were weightedimaga check the weight loss.
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3.3 Membrane Preparation

In this chapter are described the methods employed to physically realize the membranes used during
this doctorate.

Three were the technique chossalvent castingspin coatingandMayer rod coating

All these techniques have one thing in common: they require the solubilization of the payher (
eventually the dispersion of the nafilter). The dissolution requires proper solvethe right
temperature as well as an adequate stirusgidlly between 400 and 700 rpmheltemperature of

the hot stirring plate and the solvent usadthe different membranese listed intdlrable 7below.

Table7: Solubilization parameters for the main materials employed

Material PVAM cNFC Arginine Peba®2533 GO BP2533
Suitable Ethanol,
Water Water Water Butnanol, Water Chloroform
Solvents
Chloroform
Plate
120 alcohol
Temperaturg 70 40 Room T 0 alcohols Room T| 40
°C) 40 Chbroform

3.3.1 Solvent Casting

Solvent castingschematized in Figure 4has been by far the most employed technique in this
doctorate since it allows to obtain homogeneous, even if relatively thick membranes, which is crucial
to have good and clear permeation results. It has beeriarsacbrytype of material, and during the
discussions, wheneverig not specified, the results will refer to membranes prepared in this way.

It is the easiest technique to prepare membrane with known thickness, realistically applicable for
relatively thick onesuysually10 to 200 um)therefore somewhat suitable to laboratory sbalsause

for gas characterizations thick membranes provide more accurate and measurable results.

The procedure consists in solubilizing the polymer into a proper sobeht,sonicatehie solution

few seconds to remove the excess of air trapped irthiele dropping the solution into a PTFE petri
dish, and let it slowly dry out at loar controlledtemperaturef¢r the solvent used within the thesis
room temperaturander fume hoo@vereappropriatg

After the solvent evaporation, the dry layer of polymer that remain on the bottom of the petri dish is
the membrane obtainedThe last step is to pull high vacuum at higher temperature overnight to
remove any residue of solvent: in this work, high vacuum at 50°C resulted to be always tuitable
that aim Then the membrane is ready to be peeled and teStgubnding on the maital, the
detachment from thpetri dish can be difficult and for this reason teflon is often used for solvent
casting in petri dishes because it reduces the membrane adhesion and simplify the peeling operation.
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Solvent Casting into Solvent Evaporation Membrane formed Membrane Peeling
Petri Dish on the bottom

Figure47: SolvehCasting Scheme

3.3.2 Spin Coating

One of the purposes of NANOMEM®roject was to prepare thin membranes, microns or less, since
only these dimensions can lead to a possible application.

To realize such membran&pin Coatingwas employed to realize thin supported membranes
because, even ifis not easy to scal@p, sich techniqués highlyautomatized, thuallowing precise
control of all the parameters amdmarkablereprodwcibility. Moreover, the experiment can be
optimized by tune different parameters: solution concentration, solution amount, tgepeise,
rounds per minute (rpm), spinning program.

The spin coater used was a W@0B-6NPP/Lite model from Laurell Technologies Corporation.

The support was still PDMS (450+£50 nm) coated on a PANwmvren fabric (190+5 pnthick), and

the total supportraa ofspincoating was 320 cnf.

Since the top layer, PDMS, is highly hydrophobic, the spin coating has been carried out with the
modified BenzoylP2533,at the same conversion of the other BP2533 membranes 7€stedl %,
solubilized in chloroform 1 wt% (15 mg/ml)

In this way for a giveng’r‘], it was possible to extrapolate the thin layer thickr®ssising the
following Equation 26that can be obtained from the previously defined Equatiorséctionl.2.1

fa —— (26)

Sincesuch material resulted to be particularly stiekyl substantially hydrophobiit was the perfect
candidate among the materials available to form a continuous thin film attached to the PDMS
substrate.

To obtain 2 different thicknesses, two protocols have been used, with the same coating program and
solution concentration (15 mg BP2533/ml CB)Cthanging the amount of solution droppkedooth
protocols, four consecutive coatings have beerlopeed in order to properly cover the whole
surface.

The nAst at [19]spniceapng rechr@qoe was usadoth cases, which means that all the
chosen polymeric solution was first dropped o
program, specifically optimized for this case, was started with rising rpm, as displayed ir8 Table
below.
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Table8: Spin Coating optimized program used for both protogigic dispense, room temperatyre

Step 1 2 3 4 5 6 7 8 9
rpm 150 300 500 600 700 800 1000 | 500 300
Time

(s)

5 5 10 10 10 10 15 5 5

1 Protocol 1: low amount ddolution was dropped in the center (1 ml) which then was spread
by the centrifuge force of the spin forming a thin polymer layer, and the excess of solution
was pushed away.

1 Protocol 2: high amount of solution was dropped (5 ml) with about all the suppéate
initially covered, and the centrifuge force removed the excess solvent leaving a thin polymer
layer.

In this way, protocol 1 produced the thinnest layers of this work, while the protocol 2 a bit thicker,
the latter developed to be sure of covetimg overall surface with no defects.

Apart from the solution amount and spreading, the two protocols share every other parameter: rpm,
time, number of accelerating steps, temperature and the number of coating per membrasginevery
coated membrane hasdn produced with 4 consecutive spin coatings

Static dispense technique is displayed in Figure 48.

Support Support Support
Spin base : Spin base : Spin base
Dropping Spinning Supported thin
membrane formed

Figure48: Spin Coating Static Dispense Scheme

3.3.3 Membrane Masking

After being realizedwith any of the methods explained in the previous sections, to be safely handled
and tested all t he me mbr antbas ischvaedand lgleedvith ap r e v i
aluminum tape foil provided with a holeThe epoxy resin glue was placedthe aluminum
membrane tgealit thus preventinginy gas to bypadsetween thenembranend the aluminum

The testing membranes were rowgidpedwith a diameter of 46 mm, the aluminum tape foils were
roundas wellwith the same diameter, and the round hole in its center was 20 mm diameter, with a
permeation area of 314 rdpminus asmallsurface occupied by the epoxy resinthe edggthus the

rea | area was determined[192hrough the freeware
A scheme of a masked membrane mounted into the permeation cell is displaigded9 and an

example of aredetermination with Imagead Figure50.
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Figure49: Schematic positioning of the membrane into the @ett), and schematic view from above (right)
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3.4 Gas PermeationCharacterization

In this chapter the setup and technique used to condupegasgation teswill be discussed.

During theDoctoratedifferent systereahas been used to that aim @flerating in a similar wayso

thatfor simplicity this thesis willreferonly to the onedisplayed inthefollowing Figure51, located

in DICAM Chemical Engineering Departmemthich permits to condudioth static dry and dynamic
humid permeatiortest The base concept of permeation through the membrane in these experiments
is displayed irFigure52.

Vacuum Pump

(TCN
. Incubator
\01/

IX vis

Vo2

A vie
n vi4
' 'X
\02/ I%kvtu

5 &
03/  \ov/
V17

Vo3

Atmosphere
Vi3
S01: Gas Tank
S02: Bubbler (Water) i1 % Vos
$03: Liquid Water Tank kg
S04: Additional Volume (down)
S05: Additional Volume (up) \04/

Pl: Pressure Indicators Permeation
TC: Temperature Control Cell

FIC: Flow Controllers

RH: Rel. Humidity Indicator
V: Valves

V green: 90° Valves

Figure51: Gas Permeation System used for both Humid and Dry test
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Figure52: Gas permeation Schemédocus orcell

All the apparatus is kept insidethermostatic chamhbesrovided with arinternal additional fan to
have a homogeneous temperature in every part of the system.

The permeability is calculated through a barometric technique widely usgdsirpermeation
membrane field63,77,153,161,193 95]. This technique allows$o test one gas at ona that the
selectivity is calculated by the ratio of two different permeabilit@sasuredseparately thus
obtainingt he s o cal | e d asfpiedoesyldiscessed@ectionl.2/li t y o

The main concepts the same for both static dry and dynamic humid gegradient of pressure is
createdbetween upstream and downstreside of the permeation cgthe formercontaining the gas
to be tested ah certain pressure while the latieitially under vacuum During teststhe gas
permeang through the membrane, increasthe pressure in the known downstream volume
(confined by the cell and V18 theFigure51 and 52)pllowing the calculation of permeated flow.
Theriseof pressurean be indeedorrelated to thélux through a suitable eqtion of stateand then
tothepermeability that can be calculateédrough Equatio27 once the slope of increment of pressure
over time(dp/d{ reaches the steady stasshown in Figuré3.

0 Q1 4 QOO b— - —— 27

WhereV is the downstream volumé,t he me mbr a n é&dhe petneatianlare® the |,
temperaturep,-p1 the pressure gradient between upstream and downst@apartmenandR the
gas constant.
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Figure53: Idealdownstream pressuré&rend in gas separation membranes through barometric technique

3.4.1 Static Testi Dry

Staticdrye x per i ment s wer e car r i emcquiceldmiditydorexploietimels r a n €
permeation properties, so Peba%33 based and its modified version Benzegb33.

In this case, since no water is needed, the bubbler and water tank were ke, isol&03, V05 and

V16 in Figure51 werealways closed.

After mounting the cell, high vacuum was pulled from both downstream and upstream over night in
order to remove all theesidualgas and/or vapastill absorbed into the membrane or supp®his
wasdoneby opening V07, V08, V13, V14 and V1#hile the vacuum pump was on

After the sample degassing was completied cell was isolated by closing V07, V09 and V13, and

a certain amount of gas pressuwsually around. bar) was charged into upstream volume, big tank

S05 included, which was then isolated as well clo$ia6.

After thegascharge the system was kept in standby for 20 minutes, in order to heat up the new gas
inside, and data acquisition was started tec&hand estimatgossibleleaks.

Lastly, to carry on the actual permeation test, VO7 was opened, making the gas stored in upstream
volume flow against the membrane and filling all the remain volume (up to V09).

In this static condition, the gasinpermeag reachingthe downstream sid@creasing its pressure
andallowing the permeabilityneasurementhirough Egation 27

It is worthwhile to notice thatue to thevolume ofS05(about 5 liters) the volume in upstream was
significantly higher tharthe downstrean volume (in the order of 9cm®) thus the gas flowing
downstream did not affect the pressure upstream, which remmibsthntially constant maintaining

the permeation driving force coast and simplifying the data processif@r the same reaspall

the static dry testwereterminated before the downstream pressure was reaching 100 mbar
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3.4.2Dynamic Testi Humid

As already mentioned, the permeation system described allowpdrfiarm experiments with
controlled humidity, which is a crucial parameter for facilitated transport materials, in this case PVAn,
cNFC and Arginineln this case the test was conducted in dynamidlitions with the humid gas
flowing in the upstream side of the membrane to void possdieization concentration phenomena

To allow the calculation of pure gas permeidpin presence of water vapohamidity equilibration

has to be carried out, doth thefeed flow and the membrane itself, in order to have an increment of
pressure in downstream due to theget gas onlyif the water activityis thesame on botlsides of
themembrangindeed,t does not migrate in any direction and remains unldgium throughout the

tests

Membrane Humidity Equilibration

For the membraneébés side equilibration, and in
pressureafter the sample degassing, carried out as for dry tests, and with the kaptplader

vacuum, the water tank SQ&ontaining DI water, was ooected to the systefopeningV16), so

thatthe water vapiocould fill the volume until the desired relative humidity, RH, was reachad. Th
parameterdefined inEquation24, can be calculategincethe watervaporsaturation pressurs
obtainedthroughthe Antoine law (Equatio3).

Feed Humidity Equilibration

The humidity equilibration of thieedflow was conducted with a direct method instead: thrabgh
electrovalved/02 and V03 it was possible to tune the amourtdrgfgas(from V02) and humidjas
humidified by passing through theater filled bubbler S02 (from V03). Then the tatoeams were
merged in one before reaching the hygrometer RI®llled Mirror Hygromete Dewtrak 11, from
Edgetech Instrumentswhich measured and displayed directly the humidity percentage ofitle¢
gas To reach the proper ratio of dry vs humid flow, few minutes were required, and in this time the
flow were not lel to the membrane buut of the system, through the bypass (V17), with V06 and
V09 closed.

Once both membrane and feed flow were equilibrated to the Raingata acquisition was started,
andit was possible to feetthe gago the membrane, closing the bypass V17, gpehing V06 and
V09.

63



4) Results and DiscussiarPolyvinylamineand Nanocellulose

In this chapter all results abdiaicilitated transponnembranes made of PVAm, Nanocellulose (and
Arginine) will be discuss# that is:

- theLupamin purificatiorto obtain PVAmM

- theblending and dispersiaof the three compounds (PVAM/cNFC/Arg)

- thewater absorption experiments

- thehumidgaspermeability tet,

- the controlled crosslinking with glutaraldehyde.

Purification, blending and crosslinking will be discussed along with their FTIR results.

4.1 Purification of Lupamin®9095- Polyvinylamine

The Lupamiff9095 purification protocol explained Bection3.1.1resulted in a success, providing

two different degree of purified polyvinylamine, based onstiep of the protocol itself.

One, call ed @iPVAMLQA was th&pralucteobtaingdPalteh fimst precipitation

in ethanol, still containing a certainamountofdalh e ot her was <call ed-APVA
HG), obtained at the end of the whole protocol, resulting in basically pure polymer.

Lupamir9095 and purified PVAm fiims (PVAMG and R/Am-HG) were analyzed by IR
spectroscopy to assess the efficiency of the purification proeess the related FTIR results
displayed inFigure54.

The peaks at 770, 13%d1570cm? are referred to the presence of the sodium formate salt (by
comparison with t196) [19V]1$BIThey are Well gisible o ttheoamercial
Lupamir9095 spectrum but lose intensity in the purified PVAm spectra. In particular PM&m

shows depressed absorbance at the mentioned wavelengths with respect to 9p&&imbut the

peaks are still present, suggesting a significant, butomoplete purification. In PVARHG films,

on the other hand, the characteristic signals of the salt are almost completely absent (except for the
one at 770Gcm?), indicating an excellent purification of the polymer. It is worth to notice that an
intensification of the characteristic polymer signals (880" Ni H wagging, 1380 and 1440n Ci

H bending/rocking, 1660n* Ni H bending, 292@m Ci H stretching, 315@400cm* broad peak

Ni H stretching) is observed in these materials, whatdo corresponds to a better degree of
purification.

64



C-H

Lupamin9095

Absorbance (A.U.)

4000 3500 3000 2500 2000 150 1000 500

Wavelenght (cm-1)

Figure54: FTIRATR spectra of commercial Lupa@i095 and purified PVAm with different degreepufification.

Concerning the polymer peaks, then, an interesting change in the different spectra is the shift of the
peak related to NH stretching before and after the resin treatment (PNH®); this one moves from

3100 to 330@m?, which is quitareasonably associated to the neutralization of amine group from the
R-NHs" to the RNH: form, as also confirmed by the results obtained by Annenko{£02]. This
neutralizing effect is caused by the use of the hydroxylasd, which exchange hydroxyl anions in
solution while retaining salt anions.

To have also a more practical perception of the purification, in Fi§Grthree membraneare
displayedmade respectively of Lupanfin095, PVAMLG and PVAmMHG.

Lupamin9095 PVAM-LG PVAmM-HG

Figure55: Solvent Casting membranes made of Lup&085, PVARLG and PVAHRIG

As already mentioned, since PVADG was already pure enough to form stabile blends but far easier
to be produced and in higher amount, it has beemost often used PVAmaterial.
65



4.2 Dispersion and Blending

Initially, three different composition of PVAm and cNFC have been blended, respectively 50/50,
35/65 and 20/80 in wt%.

The respectively FTIR results are shown in FigbBe along with a sample of pure cNR@th a
surface charge of 3600 pequiv/nasid the PVAMLG used for the blend.

Aliphatic
C-O stretching

cNFC 3600

PVAmM/cNFC 20/80

M\\""’\ PVAm/cNFC 35/65

Absorbance (A.U.)

4000 3500 3000 2500 2000 1500 1000 500

Wavelenght (cm™?)

Figure56: FTIR of ifferent compositions of PVAm/cNBlends

In the figure it can be seen that by increasing the concentration of the cNE@amin new
characteristic cellulose peaks appears in the bjehdsmost clear is the ors around 1000 cr)
corresponding to the-O stretching of the cNFT ' his ane, indeedis not superimposed to any PVAmM

peaks anctlearly increasewith the content of cNFC providing its typical shape of the spectra
between 800 and 1200 ¢m

Among the different composition testdektbest combination resulted to be the 50/50d)lenterms

of both homogeneity and water absorption capability (described in the next sehtisnjo this half

cNFC half PVAm blend, two different loadings of arginine have been added: 25 wt% and 45 wt%.

In this case as well, the three components blends have been investigated via FTIR, as shown in Figure
57, along with pure tArginine and the 50/50 only.
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Figure57: FTIR of three components PVAmM/cNFC/Arg blends

In this casethe FTIR spectra is highly affected by the presence of arginine, especially in the 45 wt%
loaded: primary and secondaryHNpeaks from 2800 to 3400 chare visible, as well as other
nitrogenbased signals, like 48l bending at 1504750 cm! and GN stretdhing at 11001200 cmt.

A set of carboxylic acid signafsom argininecan be appreciated as wdietween 1500 and 1250

cm?,

Overall, all the blend resulted very homogeneous and aesthetically very similar to each other, with
both two and three components and compositions. As an example, a three composition of
PVAmM/cNFCloaded with45 wt% Arg is displayed in Figui®s.

Figure58: Sample of three component membrane, made of PVAM/cNFC 50/50 + 45wt% Arg
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4.3 Water Absorption

Water absorption test, through quartz microbalance, have been initially conducted on the first three
doubleblends PVAmM/cNFC, to investigate the water intake based on their ratio (50/50, 35/65 and
20/80 wt%). The results are displayed in Figb®e
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§1»2 T —m—PVAmM3[50]+NFC[50]
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Figue 59: Water Absorption results of different PVAm/cNFC blends

The three curves clearly show that the water uptake is mostly driven by the polyvinylamine amount:
the higher is PVAm content, the highethe watermbsorbed.

The maximum is indeed achieved by the 50/50 blend, where the water absorbed in term of
massate/Masgolymer reach a value of 1,47 in saturation conditions (100 RH%)s, since water

plays a key role in facilitated transport of £@rough amies, the PVAmM/cNFC 50/50 blend have
been chosen as base, to be added with arginine.

Arginine was then added to the blend in two different amounts: 25 wt% (PVAmM/cNFC/Arg =
37,5/37,5/25) and 45 wt% (PVAmM/cNFC/Arg = 27,5/27,5/4&hd water absorption test \eer
conducted on these samples as well, as showed in FE@ure
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Figure60: Water Absorption results of the three component PVAmM/cNFC/Arg blends

Although L-Arginine is an hydrophilic compound, the water absorption redattsonstrated that the
water intake is still mainly driven by the PVAm content: comparing the two blends, indeed, the one
with higher amount of arginine, 45 wt% (and 27,5 wt% PVAm) reached asRAs@SFolymerOf just

about 0,37 at saturation conditigdi®0 RH%), while the other one, with 25 wt% Arg (and 37,5 wt%
PVAmM) reached a value of 0,92 at the sameditions

Such behavioiis in line with that already observed in a previous work, where, in a blend of
nanocellulose and PVAm, the water intake increased with the content of P¥AnmAIso from
previouswork,

so far

it was conf i r metketsbhomparable wgth timeicMFE Of@2], wat e r
ower than the PVAmMG6s.

In any case,all the three component blends have been investigated with humid permeation
experiments, along with the base 50/50 double component one
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4.4 Humid Permeability Test

Three blends have been carried out permeation test on: PVAmM/cNFC 50/50, PVAmM/cNFC/Arg
37,5/37,5/25, and PVAM/cNFC/Arg 27,5/27,5/45.

Permeation conditi@were always humid, at 75 and 100 RH%, at 35°C. Plus a set of data obtained
at 100 R4% but 50°C.

The permeability results are summarized in Figiite
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Figure61: Summary of GON; and CH Permeabilities of 50/50 PVAmM/cNFC, +25wt% Arg and +45wt% Arg blends
From the chart itdéds possibl e to Iinevtelyldendvhem e xt |

humidity is 75 RH%showing once again the importance of water to activate the facilitated transport
of COp.

Keeping temperature fixed at 35%t conducting the same experiments at 100 RH%, an increment
of permeability is observed for all three gases, but especially foy@@ch shows an increase of
more than about order of magnitude definitely higher than that obsenisatfidst and CH. Among

the three blendshen,the highest increment and gap difference is clearly the three compluaeied

with 45 wt% Argfor which the CQ permeabily increasedrom about 0,30 271 Barrergoing from

75 to 100% RH

Keeping fixed the water saturation, 100 RH%, and increasing the temperi@¥Cresulted in a
further increment ofCO; permeability especiallyfor the 45wt% Arg loaded samplevhere it
increased from 271 to 3Harrer, with an increment of 20%.

These trends can be discussed more in detail by using the Robeson plots for bHbih 200
CO/CHjs, showed in Figuré2.
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Figure62: CQ/N, and CQCH; Robeson plots for the blend tested

In both the Robeson Plots presented, the colors refer to different blends, the arrows direction indicate
the increment of humidity (starting point 75 RH%, final arrow p&io® RH% both at 35°F, and
thesinglesquaresvi t h represent the 100 RH% test conducted at 50°C.

|l t 6s possi bl permselectivavend ottiee 35°@ tastare thehsamior both Robesons:

both permeability and selectivity increase with the increment of humidity, from 75 RH% to 100 RH%.
The main difference between the two plots is that in the/llOone also the trend between the
different blends is clearer: permeabilibyt especially selectivity increases with the increment of
arginine content. For the G&Hs plot, on the other hand, even if a simitehavioris visible,all the

three blends are relatilyeclose to each otheandthe +25%Arg and +45%Arg aedmost overlapped.

In general therefore arginine seems to definitely improve the, @@nsport in the membrane
especially with respect to nitrogen, while in the case of methane the effect is less clear likely because
the slightly higher solubility of thisas with respect toN

The observed behavior leads to another clear differbrt@een the two chartsnore related to
performances: for the GIN> Robesonjndeedthe blend loaded with 45 wt% Arg resulted to cross

the upper bound, when tested1®0 RH% and 35°C, with a G@ermeability of271 Barrerand

CO/N2 selectivity of 70. For the CQ/CHs Robeson, instead, none of the blend tested was able to
cross the upper boundiostly due to the relative low selectivity obtainedth the highesaround

14.

The test conducted at 100 RH% and 50°C resulted in a slight incrementope@@eability
compared to the one made at 35f€aching indeed 326 Barrer for the 45 wt% Arg loadbed with

a quite big drop of both GZN> and CQ/CHjs selectivity, from 70 to 8 the former, and from 14 to 6

the latter, movinghese pointawayfrom the upper boundsith respect to data at 35°C

Such resulis somewhat unexpected as facilitated transport should still be active at 50°C and literature

results indicate that higher temperature increases both selectivity and piéityn€ehe present data
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therefore suggests that during high temperature tests the membrane structure was modified creating
defects(i.e. by swelling)leading to aselectivity reduction In this presence of defects indeed the
facilitated transport results less effective, even if notable, and all gases permeated in higher amount,
not only CQ, causing an overall loss of selectivity.

4.5 Controlled Crosslinking

4.5.1 Fast Dipping Test

The fast dipping test was carried out to see the different behavior of the material when exposed to
liquid water for a short timézive membrandike samplshave been investigated in this way: PVAm

(LG), PVAmM + 1 mol% GA (Glutaraldehyde), PVAmM + 5 mol% GA, PVAm + 10 mol% GA and
PVAmM + 20 mol% GA.

The results are purely graphic, and are showrainle9.
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Table9: Crosslinked PVAm fast dipping test results

Material Before Meanwhile

PVAM-LG

+ 1% GA

+5 0% GA

+ 10 % GA

+ 20 % GA

As shown by the pictures, the pristine PVAIG camot withstand even few seconds in watesit
instantly swells and deform into a 3iydrogelstructure which cannot be consideredmembrane
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anymore.The sample with 1 mol% of GA retained its -ike membrane shape, but got extremely

brittle and easy to herokenwhen bended or stretched.

From the 5mol% GA and above, after the dipping it was still possible to handle and even manually
stretchor bendthe membrane without breaking it, as shown in FigiBethus confirming the
increased mechanical stabily the membrane whenA=crosslinking reached the adequate amount

of PVAm chains By analyzing the PVARGA reticulation product irFigure 43, Il tdés possi
deduce that, with 5 mol% GA and assuming the totally completion of the reactond 20% of the

PVAmM amine groups were crosslinked.

Figure63: Manually stretched PVAING + 5 mol% Gafter being dipped in water

4.5.2Long Dipping Test and Weight Loss

The previous results were sewhatconfirmed by the other dipping tests carried Other samples
of the same five materials have been kept into an excess of water at 35°C for 60 hoursjrthen the
leftover wasdried and weighted properly, with results showed in Figdre
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Figure64: wt% remained after Long Dipping Test

As displayed in the chart, PVAmM, PVAmM + 1 mol% GA and PVAm + 5 mol% GA were all solubilized,

or in any case not recoverable for the weight.

The 5 mol% GAfilm resultedgreatly swollerof at least 2 to 4 times its initial surfaeed extremely
damagedvi t h t h e me mbsubatangalysommadmisad.cTheul® mol% GA was swelled

but still intact and possible to be weight, resulting in a 24 wt% of the total indisg.m

However, the 20 mol% GA seemed the very same to the naked eye: no swelling, no surface extended,
physically remained basically the same, with a remaining ma&3 wi%.

Even if these results seem not pthe expeimedtwas!| y p
conducted in extremely harsh conditions: membranes for gas separation, in humid condition, may

face some drops or micr ops of water, theydre not kept ir
Thus, itds safe to say ctosslnked PVAmamd verilikelyhlothen d 2

one at 5% crosslinking, should form compact membranes alblghstand humid test, and perhaps

even at temperature higher than 35Y@e addition of nanocellulose in this concern would increase
even more the stdlty of the materials.

Unfortunately, due to the lockdown following ti®vid19 pandemi¢the work on tesematerials

could not be completed and the permeation tests, necessary to understand the real potential of the
membranescould not be carried out. The crosslinking indeed is well known to stabilize the
membranes but also to reduce the water sorption and the gas permeation, thus endangering the overal
permselectivity of the materials.

As a possible future work research prajéiccould be interesting to continue with the study of the
controlled crosslinking and its optimizations in term of mechanical and swelling resistenpared

to permselective properties. In this way, a hydrophilic but far more resistant backbonenaatdx

be generated, to be loaded with a number of filler and/or carriers for selective gas transport.
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5) Results and Discussion: Peb@?2533 and Graphene Oxide

In this chapter all the results related to P&2883 and Gebased materials (GO, PGMd PEAGO)
will be discussed: fillersnatrix blending, chemical analysis and gas permeation experiments.

5.1 GO Dispersion and Blending

For GO, water worked perfectly as solvent producing a limpid dispersion that appeared like a
homogenousolution Onthe other hand, even after extensive mixing sorlcaton, GO coulg not

be dispersed irthanol or buthanolvhich always producetlurbid solution with high amount of
precipitate (Figur&b)

Figure65: GO dispersions EtOH, ButOH and Water soon after sonication (left) and after 24 h rest (right).

As explained inSection3.1.4, being Pebax not soluble in water but only in ethati@ blending
protocol was carried out by slowly adding the water @€persion to the hot stirred Pefa%s33

ethanol solutionThis procedure allowedn all casesfo obtain anrhomogeneous mixture anky

casting, very smooth membranes with no sign of agglomerates even at the highest loading inspected,
1 wt% GO, as showim Figurest6éa-c.

Figure66: Pebax®2533 + Graphene Oxide Composite Membranes Casted; loadings a) 0.1 wt%, b) 0.5 wt%, c) 1 wt%
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Unfortunately for the two other GO types considered the dispersion in ¥&&8 resulted more
difficult and for both PGO and PEAGO only the 0.02 wt% loaded films were obtained with good
homogeneity ando presence of GO aggregates (Begires67a-b) while increasing concentration
always led to aggregation and heterogenous fasishown in Figuré7c.

N

Figure67: Figure 4: Pebax®2533 loaded with 0.02 wt% PGO (a), 0.02 wt% PEAGO (b) and PGO 0.1wt% (c)

Such factwas not considered an isswnce as it will be eplained belowthe permeatiomesults

showed that with higher loadings the overall permselective propertiesAN&@ansport decrease.

For this reasont was decided not to try to further optimize the protocol to obtain membrane with
also with higher loading of modified GO

The thckness of different tested membranes ranged from 75 to 100 um, and every membrane resulted
very homogeneous, with a variation in thickness of less than 2% on each sample.

5.2 FTIR

In this section FTIR has been mostly used to qualitatively verify traifunalization reaction on GO
to obtain PEAGO: among the three materials used, this was indeed the less common in Professor

Parkdés group, while Graphene, Graphene Oxi de
Engineering laboratory and already mnessin literature, for example in a recent paper of Moghadam
et al[199].

Thespectracomparison is shown in Figués:
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Figure68: FTIR comparison of GO with PEAGO

It is possible to notice few little differences between GO and PEAGO spectra: first the reduction of
signal at3400 cmt, which indicate the decreasing ofHDcontent caused by the amino acid bond
formed ; a very small almost ruisible shoulder peak at 1570 pprobably related to the weak N

H bending ; and lastly the increment and enlargement of the sigh@b@tcmt, most likely due to

the GN stretching.

Changes in signals weren6ét that i mpressive, s
produced had darker color, as well as different dispersion behavior in solvents.

Moreover, it has to beated that the amount of nitrogen bonds had to be relatively low compared to
the carbon bonds, since also the grafter specie, PEA, possess nitrogen only in the terminal functional
group of the overall polymer.

Overall, even if a fairly higlamount of PEA has been grafted, it did not bring enough heterogeneity
into the structure to influence HR spectra that much.

In the same way, FTIR investigation of composites have been carried out, with the result of the

pristine Peba%2533 compared wh the highest loaded material, P2533 + 1 wt% GO, displayed in
Figure69:
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Figure69: FTIR comparison of Pel®%33 pristine with 1 wt% GO loaded

From the FTIR comparison, it seemed that even the highest Graphenel@ddd composite
material (1 wt%) did not affect the analysis at all: the two spectra overlapped almost perfectly.
Thus, all the other composite samples have not been analyzed through this technique.

5.3 XPS

Since the FTIR analysis was not clearly conclusive, XPS characterization has been carried out as well
on PEA GO to verify the yield of the graftinggaction Theresultsareshowed in Figur&0:
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Figure70: PEAGO XPS Cl1s ailg results

From the XPS analysis, a small amount of nitrogen 1s was found into the structure, while almost
negligible changes were present in the C1s region, which is consistent with the type of molecule
grafted:as said abovPEA already carries a lowraunt of nitrogen itself, so a high amount of this

atom is not expected after the reaction with a nitrdges material like GO. XPS confirmed the
nitrogen presence and therefore ensured the success of the reaction with a conversion similar to the
one obained from Yoo et a[148] which, indeed, preserdesery similar XPS results.

5.4 SEM

To investigate the composite membranes morphology and how it affected the gas transport results,
SEM has been carried out on every membrane tested in permeation.

Through the SEM images presented below, it has hlgens si bl e to view ¢t
microstructures, which may be helpful to understand material properties, including the permeation
behavior.

Considering the fracture sections, reported in Figuret is possible to notice from that the neat
polymer fractue (71-a) is the smoothest, while the amount of imperfections increases with the rise

of the GO content/1-b,c,d,e). Indeed, while neat Pebax shows a very homogeneous structure, the
fractured surface of the different Mixed Matrix Membranes always presacits likely related to
nanometric defects, close to the polymer/GO interface, which were amplified during the fracture.
Such defects and cracks clearly increase and become more pronounced by increasing the amount of
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the filler with the71-d and-e imagesreferring respectively to 0.5 and 1% GO loading, that suggest

the presence of layered structure on the membrane surface induced by the presence of the filler.
Considering the differences between different type of GO considered, it is worthwhile ®thatic
comparing images SEM, -f and-g, which refer to GO, PGO and PEAGO with 0.02%wt loading,

the latter results have less cracks, suggesting a better interaction between the filler and the polymeric
matrix.
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10 um ) SD Full

Figure71: fracture sections 5000x SEM images of a) neat FE25@8 ; b) + 0.02 wt% GO ; c¢) + 0.1 wt% GO ; d) + 0.5 wt% GO ; e) +
1 wt% GO ; f) + 0.02 wt% PGO ; g) + 0.02 wt% PEAGO.

SEM analysis of the membrane surfaces did not give the same amount of information as the images
obtained for the different composites are indeed very similar and are not showed in detail. In general,
however, they provide indirect information about pldtelenension as on membrane surface, as
shown in Figur@ 2, it is sometime possible to see the presence of the biggest agglomerated GO flakes,
partially covered by the polymgehis graphene flakggesent high aspect ratio with lateral dimension

in the oraer of 1670 um, although with the GO synthesis method describ&kation3.1.3it is

possible to obtain a wide range of GO size, from hundreds of nanometers to some micrometers, as
demonstrated by Cho et §00].
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5.5 DSC

DSC analysis was conducted through the four cycles explairgetition3.2.3 and below are listed
the full spectra of the 4th cycle of heating (FigidB and, @ the 3rd cycle of cooling (Figuréd),
both with shifted lines for the sake of clarity.

Figure73: DSC resulis4t cycle, heating
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